


LETTER TO THE EDITOR

Scanning Tunneling Microscopic lmages ol Adsorbed Serum Albumin
on Highly Oriented Pyrolytic Graphite

H!tu sdn albumi. molecul€s, adsorbed o. nis y onented pgolylic cilpbile (tlOPG), hav.
b.en ob€ned by ear.ins nnelitg micrNopy (STM) in ait The inag6 show rhe detais of EnL
nolslld dooans 6 ftl 4 individual noleqnB wih a r6olllion betler than 20 A The obsved
domain amlsendl agres with the qpeled size and struclu.€s ofaltruoin. su8€pshry that little de-
mtunrion h6 o.curred on HOPG. This work funh€. ilenmst€tes that 1l1e dir€t obenflion ofbic
molsles by STM is prcbablc

s€nning lunrcling nidos@Dy (STM) h6 embled
simrisrs to prct€ sttucturc and lopormphy at th€ Ang-
strom l€vel. STM hd b@! suwsfully .pplied to con-
ducdng dd emicotrducting naterials ( I, 2 ). Applicarion
to biomat€.ials, howoyer, *ns to b€ a controv€Eral suF
ja1. Adsb€d bioloeical sub6r.n6 e nomally iNnlaro6
and arc geD€Elly mobile. ThB the, d€ diicnh 10 "s '

by STM. Althoudt such difrculties @r b€ oveMne by
surl@ c@dr€ wirh @nducijls m.teii.ls (3, 4), o€ diret
oh6€mdon of biorot rials is doe atlructive, s dlEci
obsNatior nininids .nifac-t and m.ts i, et, mea-
su.€mo s po$ible. A few published pape6 have given
imEges of bacLriopnase ( 5 ), DNA ( 6, 7 ), lipid bilaye6
(8), and plotei$ (9. l0) thougl lhe ina8p fomatio.
mechanisn rcnains !.explained, Onr STM erpenene
suSaests thal biologcal subsi4nes @n b€ *nsed by sTM,
dependinB on the 1r!. of molecule spe.ies, ii. a<lsorb€d
si41e, its hydnrion dege. th€ 1ip snap€, the st b ny of
the sTM instrumenr. e/4 ln this Eport we presnt 1vo
sTM !ic1u6 of p.oLin molecul€s .d$rb€d on hiSl'ly
oriented ptrclttc sEphite (HOPG). The inagd Eveal
the besl Eelulon so fd lchieled by S'fM on proteins
The Esull ur@bispously indi€iB the f6ibili9 ofdiet
obsraiioo of bioturcnol*ul4 with STM.

Hunar enn albumin hd a conftntntion of about
42 B/ liter b pl.sna and conslilutes 6090 of the nN of
plsFa proteins ( I I ). Ir is a sinele poblepdde chain 6n-
sisting of584 anino &id Esidues ard haying a nolecular
weisht of lbout 69,000. Albumh he a tfong inlmal
sttuctu€. held irr y loee1bd bt t? disullide blidg€s, Fis-
uie I shows th€ tfteninensiotal mol4ula. model. The
molsuld shape is genelally iaken 4 an ellip6oid wilh
dimssioN of,lo x 140 A. TleE @ th@ donains wirhin
the Eolecde. The domain structuE is believed to be a
cylildd roded by six d.helic6 (l l).

The STM images of hunan albumin d€ p.€enred in
Fis. 2. Figurc 2a shows one adsorbtd human albumin
nol€ul€ od sma p!fls ofrwo othd noleulB on HOPG.
T.l!.y naE ditrerent orientaiions, The noltrular dimen-
siors ar 120 A in length ed 60 A in widlh. Tbe slielt
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d€yisiion in dimensions ofthe adsorhqle ftom th@ of
$e abole model nay b. @wd by sli$l collap$ oflne
narive struct@ h the Eladvety dry air en!'rcnment. TtE
cyt ncrl. p€nlel dodi6 @n tE obsNod, 6 exp€led
liom Lhe dodel. suggesing har Lhe surfaedeoalun oh
is nol eitensive. In additon to donsins, some side loops
connecling the domains @n also b€ sd. The iacl thal
domains €n b. distr.sui6hed 0€16 thal th€ @lutor
is about l0 A, The tlat regions dound the aderb€d mol-
@les have b€en identlfied 4 baE HOPG. lb fad, $e
dny ripples along lne snni.s lines id Fig. 2b are tbe
comgaton of smpnitic erbon aloms, commo y ot!
sred by STM on HOPG (l ), The surfae depr€sion 1o
the left of@ch ade.bed nol4nle is mnsidded an influ-
ence olthe aderbed sptri€s. ThG a@ should actually be
lne 0arsuonEre, qhi.h €o be confrmed b rhesinene
of the atomic comeado$ in that region. Sioile obsF
valiors nave ben Eponed (12).

Fiew2evsi on.rion on &lsoetion 4 we[. C4na.
6bor m.tenah hrve long ben consideEd to have ex-
*[ent biocoopatibility (13, l4), One of th€ hypoths
n thal lt)ee is not much denatutror ofproleins ad$rb€d
on a carbon su.f@. Allhough SOPG is not qdte the
qme d lh* @bor marends, iB ldsorbine behavDr
may still inply that this hFodesis is re6oaable. The al-
bumin moleculss rally kepldeir Dalire state in ie
prene of int€nchoN b€twn th€ a<l5orb@te and ile
adsolbenl, Frcn this resper it is wonh sluding lhe ad-
srpton lnder wle. in the futue.

ln sunmary, we have ben able to obtan STM inages
of alblnin and of iis doFain structure o. HOPC- This
*ork @nfrms ihal STM an b€ emploled ro study sone
biologi@l subsraocF !.d€r certain expdinental ondi-
dons, such d for prolein adsorption on conducting suE
sraFs. We have obsened svenl difiErent proteins de-
posited on HOPG. we consid€r lhat ihe inage fomation
nechanisn is Elaied ro ch54e lrdsfer proess in tbe
prctein ( 15 ). By the .id of snning tunn€li4 sp*lllMpy
(sTs) ( l6 ). sTM mi8br b.@me a poNerfirl lool ro $udy
the electronic propini€s of prcteins.
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na, l. Backbon€ three-didensionll model of erun albunin. In tis nodel th€ si.€ Ep.esnrs the
peplide bactbon. and the spheres.eprent disllfrde b.id36 it lne bng loops. (a) Side vi€w oflhe nodel.
l h e r r - e e d o m o n \ a e l n l o a d l l e l o o n e d n o l h e - ( b J T o p v i e q o l l l - e q m e m o d e l .  l h e l e d g l b r s l 4 0 {

and the widlh 40 A for tbe entie mol@uL (fion Ref. (l L) by p€mision ofthe a!tbor).

rMt al catbd ord tnt.'1rc sw. v
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Frc. 2. lmages ofhunan albumin on HOPC. The piclure dinensions aE t()O A in lhe hodzontal (j)
and I 60 i in the venical (r) dieclions, Situe the adsorbale hd a r€ry diferenl eletronic srruduie fron
lhe subsrrate,lhe heignl (z dnecdon) could nor be dnectly nedured. Both(a) and (bl shoy severir difl*ent
nol€cules. Tnee donains ca! be cledlt een ( a). The npplcs on the ra$er ti.es in ( b ) ae the corusario$
oferbon aions ofrheHOPG. Theemple wd prepared bydeposili.gadropl€tofalbunin(Calbiochen)
1n lhosphate-bufered eline solurion (pH 7.4, I0 ppn atbunin) onro tEshi! cleaved HOpc and then the
droplel was removed b} capilltrily wilh a 1Gsue. The enpte wa lh€n flushed qilh water for lO s and ws
dned al room tenperdue for 5 h b€foe obetuarion. The STM wa oa€raled in an wjrh a bi6 vollase ol
200 nv, tun.elins curenl of4 rA. ad hish feedbac\ gain. Th€ tursslen lip wd eledrcchefrj€Uy ercb€d
in 2 M KOH. Con$ant heieht mode yas usd wftn lhe eanning nr6 40 Hz in rad 0.05 Hz in,.
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Scanning tunnelling microscopic images of amino acids

6r, L. FENG, C. Z. Hv ann I D- ANDRADI*,Dstart nt of Bioe gbgerhs dnn Center

iot Biopoltmers at Inwfaces, Unioenfu of Utah' Sah Lahe Ci1t , Utah 84112' U S 'A'

(Ey woRDs. Amino acids, adsorption, graphite, charge transfer'

SUMMARY
\(/e present images of amiao acids adsorbed on highlv orientat€d pvrolvtic graphite (HOPG)

obtaine{t with the scannins turDelling midoscope (STM) in ail lndividual molecules can be
ot'e^ ea ,ftfro, grr r-ne m,i-onrr or adsorbares appear ro lorm clusrer" ln $e ca'e ol^leuche'
mefiiodne,Jod u\pLophan. two moler ules olien as'ocrare togerher Iolorm a cumer' 5mgre or
a;mer gtv"ine moti"-urei were not se€n, but a cluster of a nunber of thqn was observed The
variouJadsorbed states mav be related to the drffer€nt intdacrions betwe€n ihe amirc acids and
rhe graphire suface. The rllahanisn of imase formation of lhe amino acids is probablv relat€d
to charye trmsfer mechanisms.

The scannins tunnelins microscope (STM) has been used for studies ofa number of orsanic
and biologicil substances, includins copper phthalocvadDe Gimzewski e' ai (1987),-sorbic
acid, Smiih 0987), bacteriophase, Baro et dl (1985), DNA' Travaglini." dl (1987)-and
L i n d s a v & B d r i s L l e 8 8 r , p r o i e i n s , D a b o r / a l . ' l e 8 8 . J n . l l i p i d b i l a ) e r ' S m i r h P r a / r 1 9 8 7 ' o n
Mndu ' substrares. Theresulr.havE indicaLed tnar -he STM md) beappled in bioloS\ owing Io
its high resolution, ambient and under-liquid workins condilions, 'nd easv operation Here we
repoi tle Srr'l otservalon of four amino acids adsorbed on highlv odentated pvroivtic
eraDhire {HOPG)."--Tt. siU ',. p-"iO.d by rhe Tunnelins Micro*opeCo b'sedonrhe D smitb de';gn'
Strith (19s7). Th" HOPG, hom Union Carbide, was readilv p€eled wift a tape Trvptophan
.no was fromcalliochem Beh-rins Co. and8l)cine sl\ r' leucine' leu and methionint 'men
we're from siema Chemi.ai co -ft en . hemi.al 'trucr u re' aod plaDaJ dimensionsbdsed on fie
CPK@ atomic rnodels (Ealins Corp.) are shown in Fig. l Their aqueous solutions were
preparedbvdis"ohingaruno;cids;purewarer '  l0Ma cm The comen trat ios q ere! l l  0 l
me ml for $e sTM mea\ureneDl A drop o, $e solurion was placed on a lre\bly cleaved
t-t-oPG suface lor 5 mir belore rhe su/ace wa' nushed wifi ulrra-pue waLer for a !er\ :hort
time. The adsorbed ,pe.imens were dried ar room Iemperrrureaod normal pre5\ure for dr leasl
overoishr belore rhe image wJs raken. Tbe STM sludv $as perlormed ro arr' uooslanL nergDr
mode;a, used as ir save b€ner resolutioo aDd le's d}Lor ed uDaces Ihao the con\unL currenl
node. Snith (l98l.ln this mode the gap distarce is held invariant, and the tDnellins cxrre

iTo wlom @rresponddce lhodd be ad.Lssed
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Fie, J. Glv rh*. Tne r.don I rre no'e-Lld 'ia. b"rd o! cPK mod6 ofhe 'am m'enifc ion * he
'r-age. r numbe.rg ' mo.e- u les rppd srlv pacL oseLher' The ds dce r be woD nabodl2 A

STM inases of atuino acids

chanses accordins to the sudace contour and composilion duing t-l' scanniDg of rhe tip lt is
rhis change tiat provides information on the adsorbed species The tungsteD tip was €lectro-
ch€micaly erched in a 2 M KOH aqueous solution (Snith' 1987) Operating parameters
included 1-2 nA tumelins current, 0 2-0 8 V bias voltase, and I kHz scan rate in X direction
and I Hz in y direction. The imges were displayed by a srev-scale oscilloscope and the pictures
y?ere taken by a CRT camera.

ln ordd to assure that amilo acid molecules cornd be observed uder the STM, a relative
larseamountoftlpwas depositedon HOPGs,ithout flushins Fisure 2(a) shows thar there are
two rows dividing the picrure irto iwo parts. When the magnfication was increased ro ten
tines, illeimaseoftheupper ldtparr, Fi8 2(b)isthatcharacteristicofatvpicalHOPGsurface'
The lower risht part, Fig. 2(c) shows no sraphitic charactd, however, and the surface was
much rougher. Here the current variation reached 5 oA during scannins Sirce these two
pictures were raken lDder identicai condirions and almost simultaneouslv, it is thoughl rhat
rh€y represent iwo d;ffercnt surface siales The lanef, Fi8. 2(c) image, shornd be of the
adsorbate layer and the rcws in Fig 2(a) are prcsunablv its edse Therefore, mirc acids can
change the ruuelling current and can be detected bv the STM. The principle of the STM hrs
been d€saibed iII detail, Hansma & Tersoff(1987) Anirc acids and protehs have lons been
rhought to be s€miconductors since charge uansfer can occur between rhei functional $oups
with the aid of impxrilies, such as metal ions or water (GutnaDn & Lvons, 1967; Jonn€r &
Bixon, 1987); p,Iricularly, sorbed water may play a verv imponanl role (Panitz' 1987) Vater
could 'rais€ the dielecric constant and therefore stabilize the elecuon-hole pair, rhus ncreasins
the number of charge carriers', (Eley & Leslie, 1963), which would enhance the runnellins
cunent via charge uansfer mechanisms

The majority oflhe inages showed segregated clusters The non uDiform disdbution was a
routiDe obse adon in these sludies. Despite then rare occurrence sone individual nolecules
wde observ€d and they are clearly shown in Figs. 3 6 for each of rhe four anino acids. 'i{e

suggesl that the bright humps rcpresent the amino acid molccules because: (a) the dimensiotrs
ofihe four species, estimated wiih reference to the Sraphilic crvsral lattice, agree with ihose
from th€ molecular models (see lhe insertions in each figure); (b) the 'brighi humpJ were
frequently observed for the adsorbed samples bur similar itnases were not secn on clean HOPG

t t
l t .
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"*-* *" bc.een. r*o of wbi r d. a..oua,cd ro fum r dD d. rhe o,.,"nce he,qlfl.he

surlaces or on a control sample which had uDd€rgone identical sample preparation procedures
except for no amino acids; (c) taking pictures ofthe bighr homps proved to be difficuli since
they tended to escape vel)' easily due ro their weak interacrions wiri the subsrrarej (d)
adsorpdon ftom the armosphere was nor giv€n strong consideration because gaphite surface
imases were routinely obrained on 'clean' HOtc, even samptes used several clavs after
cleavase; [e) hydrocarbon impuritiesJ if any, are nor normally sen by STM, (Schneir &

J A
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Fis. 6. I{e! inage. The in*rtion h rhc molecuh size, hascd on CIK nodels, of the sme msgniSaion as rle
inase. One ner nolecrde n lying horizonElly or HOIG. Dimers we.e oien obsened bur the picrues ue poor n

HaDsina, i9s7)i and (O atl the pidures in ihis paper are representative of manv obsenation

It is interesdng to look al the moleculff packing of lhe different adsorbates- The simplest
amino acidJ gly, formed arrays, cach of which conrains a number of slv molecules (Fis 3)
Another characteristic is the dimer assresation for both trp and leu (Figs. 4 and 5) Dimers
were a l \o ob 'ened wrtn mer.  The d,mer ot  Inmer ph oner(epr lor
siy. In fact it was very difficult to spot a single separated nolecule, such as mer in Fi8- 6 A
airer was not a double dp artefact because not everythins on the imasc was doubled lt is
thought th€re are tu'o feaions for rhe diner or rnultimer formation. Amino acids can fornt
pan;ise 'side on' associatio$ in their aqumus solutions' (Lilev, 1985) The dimer association
may remain intact during the adsorption process. On the other hdd, a sinsle mino acid
molecule does not have a strorg inreraction wi$ the HOPG surface. Without lhe association, ii
would be quite volatile due to irs low molecular weisht. This explains irs observed mobililv
Under rhe STM observatioD. Thai is whv we often located one single molecule brt ii soon
dis:ppeared before we could take a picture. Those that were imag€d nav have adhered to some
sort of surface ddect, which cot d increase adso$ent-adsorbate interactions. The smaller
amirc acids require morc internolecular interactions in order to form a stable adsorbed state lt
is why e only saw giy clusters rather than dimers

Ai this time rhe possibility of selective dsorption of impurities cannot be complelelv ruled
out and futher \rork is n€cessary, such as scaltning runnelling spectroscopv, (Smith, 1987)'
Althoush we have nuch more to obsene and to learn about electron t ineliry and STM
analvsii of amino acids and larser biomoLecules' ir is clear IhaI STM offers considenble
potential for sudace studies of biomolecules.
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rntro.lr.rrion

scan i , ins  runne l ing  n ic roscopy  (s rM)
a t d  f E s L  q r o h i - l q  s u . t a c -

a . a r y s l s  a n d  . ' a 9 _ n g  r e c h n j q u e .  I n  r , e
years  s ince  i l s  invent ion  by

B i n n i g  a n d  R o h r e r  ( B i n n i g  e !  a I . , 1 9 8 2 ) ;
s T v  1  a s  b e e r  o r  r d  . o 1 1 y  i  - c r . . s ;  r 9  i n
popularitv in the inaqinqr of conductinq
and semi-conducring surfaces (Binnlg and
Rohrer ,1985,  Quate .  1986,  an< l  Eansma and
Terso f f ,  1987) .  such lap id  p roq tess  is
d L e  L o  ! l _ e  L n o a r a l l e _ e d  ^ E p d i t i r i e s  o !
sTM conpa.ed  r i tb  o ther  fo rms o f
n ic roscopy :  (1 )  u t t ra -h iS .h  reso lu t ion
dov .  to  a ton ic  d imens ions ,  (2 )  th ree
d inens lona l  images,  espec ia l l y  w i rh  a
very  h igh  sens i r iw l ty  in  the  ver r i ca l
d i  e c  i o n ,  t l r  a  ! a ' i e t y  o _  o o a i a L i i g

o n o  L _ o n s ,  _ n . l D d  n q  v a - L L
even liquids, (4) obserwation ranqe fron

o  -  o  0  _ "  o ,  r 5 \  L h a  d o r - t ! 1 ,  . o  o o
t u n n e  I  i n g  s P e c t ! o s c o p y ,  a n c l  ( 6 )
re la r ive ly  inexpens ive  equ ipnenr ,

The opera t inq  pr inc ip le  o f  STM 1s
s .  p r i s i n 9  y  s i - p l e .  i J h e n  a  n e . d l
need le- I i ke  p robe ( r ip )  i6  b rouqht  c lose
enough to  a  conduct inq  sur face  (1 -10
Angst rons) ,  e lec t rons  runne l  rh lough lhe
gap between rhe lip and lhe sulface uncter
a n  a p p r  o p t : d  -  o j a s  v o l  L d q e ,  o . o c l u c i n g  d
'  u  a - . i n o  c u r l e n '  .  - h e  -  r -  e  i n o  . e r r
. s a  u  c L i o n  o  - n e  b i r s  v o _ r a q 6  o  d  r h a

shape o f  the  bar r ie r  ( re la ted  to  RUIK
func t ion)  and is  e r r lene ly  sens i r i ve  to
the  gap d is tance.  The lunne l inq  cu l renr
is  changed by  a  fac lo r  o f  10  when rne
d is tance changes jus !  1  Anqst rom fo r  a
loca t  sork  funcr ion  o f  4  ev ,  r t  i s  rh is
s t ronq d ls tance dependence tha t  i s  the
r e a s o n  f o !  S T M ' s  h i g h  v e r t i c a l
reso lu ! ion ,  whe!  rhe  t ip  i s  ras te red
across  rhe  sur face  us inq  a  p iezoscanner ,
a feedltrack network adjusts the heiqhr of
lhe  t ip  above the  subs t ra te  sux face  .o
keep the  tunne l inq  cur ren t  cons tan t ;  L r fs
ts  ca l ted  the  cons tan t  cur ren t  mooe.
A l  ^ - ,  e  e l  ,  r ' e  . h d n g e  : n  h .  r l a n - l  |  1 9

b a  .  a , o r  d a d
h e i q n l  :  i h .  o  s ! a n c  h P  9 h .  n o d - .  

' t ;

\

scmnirg Mtcrccopy,
ScmniDg MicaGcopy

w e  a D p l  i e d  s c a l  n d  t u n n a t  i - 9
n f ,c roscopy  (sTM)  to  lhe  obse lva t ion  o f
dino acids and ploteins deposlted andlor
e d s o r b - d  0 1  n i 9 ' v  o - : - n r  a d  p y l o _ y t j .
graphite (EoPG) .

a l though nany  ques t ions  lena in ,  i t
I s  o e a o n s l  . - r e o  . h a L  . c t a t t v p t y  h  i 9
r a s o r u t i o n  i n a g e s  o I  u n c o d E e d  p ! o  - i r s
can often be obtained in air. we plesent
: - - 9 . s  o f  f i v e  a 1 ! n o  a ' i c l s  t g _ y ^ i n a ,
l e u c i n e ,  1 y s  i n e ,  n e t b i o n t n e
tryptophan) and rhfee proreins (lysozyne.
a . o u m j n  a - d  ! i o r j - 0 9 e n r  r . d F r  v a . i o u s
cond i l ions  o f  depos i r lon  anc l  adsorp t ion .
we d iscuss  the  lo le  o f  a f f in i ry  o f  the
a m i n o  a c i d s  a n d  p r o t e i n s  t o  t h e
subs t ra te .  the i r  adsorbed s ta res  dro
d i s ! r i b u r l o n ,  a n d  s T M  r i p -  l n d u c e d
def  o rmat ion  and/o !  des t !uc t ion .

STM Elud les  o f  adsorbed pro te ins  a re
erpec ted  !o  p rov ide  use fu l  and even
un lque in fo rna t ion  on  the  conforna t ion
and pack ing  o f  the  pro te ins ,

I€Y lilRDS: Scminq tmelmq rocrcscmv,
efi@Fcar appricatto=, Hlqhty 
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bolh nodes a surface lopographical naP is
ob !a ined (Eansna and Terso f f ,  1987) ,  as
. 1  c l g u ! -  1 ,  I  f  t h e  s . b s _ r a t e  r " s  a  a
chemica l l y  homogeneous sur face .  Suppose
there  is  an  adsorbed no lecu le  on  a
conduct ing  su f , face ;  i t  nay  per tu lb  the
@qnitude of the local tunneting culrent
due !o  a  change in  loca t  work  fun . r ron .
The molecu le  i s  " inaged"  th rough the

- h i s  i  s
the  probab le  nechan isn  by  sh ich  a  n
a d s o r b a L -  i s  o e r e c r e d  b y  S L M  \ e a '  | .  / r
t 9 8 ?  d - d  s p o n g  e -  a - .  1 9 8 9 , .  s . n c -  - h e
a d s o - b a t e  u s u d  I  r /  d o 6 s  n o -  I  a v e  1 6

s t luc lu re  as  the  subs t ra le ,  the  tunne l inq
c u r r e n t  m a p  d o e s  n o !  n e c e s s a r i l y
represent the sane surface topoqraphy.

s i n c e  o u !  q r o u p  h a s  a  6 l r o n g
invo lvenent  in  the  s tudy  o f  p ro te ins  a t
in le r faces  (And lade.  1985)  |  we have a

. 5 r  . ,  i .  4  s I M  t o
th is  a !ea .  Our  ra t ionafe  ls  as  fo l tows:
convent lona l  TEM or  sEM genera t ly  needs  a
h igh  vacuun sys tem,  uh ich  o f ten  d is to r ls
t h e  p r o t e i n  n a t l v e  s t a t e ,  o f t e n  a
coat ing  is  necessary  to  n in in ize  sampre
charg ing  and to  enhance the  con l !as t ;
s u c h  c o a t i n g  c a n  e a s i l y  i n t ! o c l u c e

,  ! a  L - e f u t
reso lu t ion .  Labe l ing  adsorbed Pro te ins
wi th  heavy  meta ts ,  such as  qo ld ,  doeB no l
g ive  a  su f f i c ien t ly  h iqh  reso lu i ion  an
L h e  s E M ,  -  d  r .  d e p e n d s  o r  _  - b ' |  : n o
e f f i c iency  and o ther  fac to rs  l to {eve ! ,
w i t h  a n  i n - a i ! - o p e r a t e d  S T M  i !  1 s
poss ib le  to  observe  pro te ins  in  the i r
bydra ted  s ta te  in  a  hun id  env i ronnent . I t
i s  e v e n  p o s s i b l e  t o  s e e  P r o r e i n s  i n
so lu t ion  w i th  an  app lopr ia te ly  deEignec t
a n d  c o n s t r u c t e d  s T M .  P r o l e i n s  a r e
cons idered sen iconduct ive  in  the i r  usua l
hydra ted  s ta re  (Jor tner  and B ixon,  1987) .

schenaL ic  e :Press ion  o f
in eithe! the constant currenr

motecules should be higher lhan in SEM or

A  h ,  i F r  , e \  e&  o l  sTv  aE l j l q l i l l l j  o
bioloqv

. " a  . r  6  - 5  i ^  ' h .  L a c l e s
in  app ly ing  STM to  lhe  s tudy  o f  p ro te ins .
(1 )  they  are f  in  gene la l ,  poox  conductors

s ' 9  ' l  c a a c l y  a ] r F !  - h e  - u n n e - ! i n g
.  - ^ _ . , .  - .  s o f L

and f le r ib te  so  tha t  they  tend to  "snear
ou! "  the  inage and to {er  the  leso tur ion
because o f  lhe i r  no t lon  a .d  re taxa t ion  in
- h e  D ! p - - n  e  o _  t \ .  I  p  a - d  . ! e  a o p l  , - d
e lec t r i c  f ieLd , .  (3 )  the i r  no lecu la r
s t ruc tu re  i s  o f ten  no t  we l t  charac te l i zed

i s
' . . " i . | . i _ l ' ' ' e t e a \

t r  -  c o n d ! c r i n g
subs l ra te  to  ub ich  lhey  a le  aL tached so
!ha! they are often perrurbed or noved by
r h e  m o v l n g  t l p ,  N e v e l h h e L e s s ,  n a n y
b io foq lca l  as  we l l  as  o lqan ic  subs tances
in  d i f fe ren t  fo rms have bee!  observed by
STM.  A few rev iee  pape!s  a re  nou
a v a i l a b l e  ( H a n s m a  e t  a 1 . ,  1 9 8 8  a n d
z a s a d z i n s k i ,  1 9 8 9 )  ,

r r a 9 e s
of  a  b lo loq ica l  subs tanceT DNA,  appea led
. -  t o 8 )  ( 8 . -  9  a . d  D o h r e r ,  o 8 l ) ,

unve i l ing  the  poss ib le  app l i ca l ion  o f  sTM
i n  b i o l o g y ,  B a l o  e r  a L ,  ( 1 9 8 5 , 1 9 8 6 )
r 6 p o ! r e d  L h e  s , . a a c 6  l o p o q ' i p h y  o f
bacteriophage f29 on graphite There have
been a  number  o f  papers  on  tmaq ing

subs t ra leE by  STMT wi lh  a rach ida !e  on
q r a p h i t e  ( s n i l h  e t  a l  .  ,  7 9 8 1  )  ,

- ' .  , .  o o t h

a o
o P d . d r J  g  o ! i _ - : p -  : n q  u n r ' - i , 9
node and constant heiqht mode.

Tunneling curent

Plezoscanner
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grapb i te  and qo ld  (Eo lber  e !  a ] . ,  1988) ,
o - r racoseno ic  and 12 ,8-d iyno ic  ac ids  (cd
s r l l s \  o n  s l  i c o n  w a 1 . .  q 1 o  9 . a p h . L A(Braun e t  a1 . r  1988) .  r t  seen6 rha t  w i rh
such regu la r ly  packed s r ruc tures ,  the
eo lecu les  are  nuch eas ie !  ro  inaqe ano
d ls t ingu ish  and rhe  reso tur lon  is  b iqher
co t roar  -d  Eo :  nd  v id  .a  o -  _andor  tv  pa  . \ -d
' o - i e  r 1 e s .  - l -  s a m e  i s  r r r e  L h e n  i - . ^ .

l q L j d  c _ y .  . d r s  ' F o s r - i  a n d  t ' " - . . , - ] : ; ;
an . t  sponq e t  a l .  ,  1989)  and TTF-TCNQ
c r y s t a l s  ( S l e a r o r  a n d  T y c k o ,  1 9 8 8 ) .
s temer  e t  a ] .  (198?)  have managed to' a a d -  b i o l o g i c a l  { p o -  i n
mei$rane) , Menrblanes plepared bv freeze-
f rac tu le  rep l i ca  methads  show m:uch -o .e
d e t a i l  ( . r o s e p h  e t  a 1 , ,  1 9 8 8 ) .  S r u d i e s  o f
s i n g l e  s r ! a n d e d  D N A  h a v e  p r o d u c e c l
lnpress ive  resu l rs .  T ravaq l ln i  e r  a1 ,
( 1 9 8 7 )  s t a r l e d  t h e  s t u d y  o f  b a r e  D N A

notecu les .  la te r  lhe  sane qrouD ob la rned
i  a g e s  o !  D \ A  b /  n . d - s  o !  c o n O . i r i n q  - n
coat ings  (Anfe in  e r  a ] . ,  1988)  .  Bee le  e f ,
a r .  (1989)  ach : ieved a  s in i la r  resoLuEaon
on uncoa led  doubLe s t randed DNA us ing
STM.  DNA inages  under  waeer  we.e
o b t a i n e d  b y  B a ! ! i s  e t  a ]  { 1 9 8 8 )  a n d
L i n d s a y  e t  a t .  ( 1 9 8 9 ) .

Eew papers  have dea l r  w i th  rbe
.  , b j e . '  o '  s r v  o o s a .  . c  i o n  o  p , o r  - j . " .
One o f  the  ea l l ies t  papers  on  p lo re ln  STM
rnages was by  Dahn er  a l .  (1988) .  r , {h i le
t h e i r  w o r k  u a s  n a i n l y  o n  b a c t e r i a l
s h - c r  s ,  a  q r o b u t a ,  p l o r A : 1 ,  o v q l o ,  n i , ,
was  inaqed,  The molecuLes had becone
f la t lened and e longated  presunabty  due ro
ihe  dehydra t ion ,  Horbe!  e r  a I .  (1988)

'  A  -  4badoeo in  d
l ip id  f i tn .  They  c la ined rhar  the  four
subun i ts  o f  Con A n igh t  be  seen.  S in ic r?  s t i . '  - .  a _ .  |  9 8 9 ,  ! a . e r  r  y  o o s 6 J v 6 d
a t .  o l u b u l - s  o n  q l o p t  r e  i x - d  '  0 .  . .
g lu ta ra ldehyde in  bo th  f reeze dr iec t  and
l .  d r a  - d  R - o  - s ,  \ 4 i . o  . b I r a s  ! _ - o r -  .  _ 1
appeared buck ted ,  semi f ta r rened and/or

C o l l a q e n  s t r a n d s  o f  1  5

Erpe- imenrs

J h .  . : o s r  , . t e  , a s  h i q h t y  o .  i e a t - dp r r o r v '  c  q r o p h i ' e  ( u o p ^ )  f l o m  r n i o n
a - b i d e .  p s  a . o u f i - e  s L o s l ! a r e  o r  S - r . 4 ,HOPG is  a  sen lnera l  and re fa t i ve lv  ine l r

m d L e r i a l , .  C l - d v e d  b y  a n  a c t h - s i , ;  r o p e ,
p . o v i d e s 6 . ! o - ( l t r x l

u :  a n  a r o m  c a t . y  ! _ a l
! r : " : .  r r y p L o p h o -  r i  - p )  d . s  I  r o .

a n d  o f l c i n 6  r o _ y l ,  _ - . c i r -
r l v s ) ,  a n d  r a - h i o l i n 6  L m 6 ,  )^ - ' e  I r o l  s  q m a ,  h 6  I r s o z v m e  k a .

I  u m a n  s e .  . n  o  I  b L m i r  !  l o n' a _  o i o  l  - r  d r d  h u n d -  r l b .  n o q e .  L  o n
C a t b  o  . -  c n d  S : q m d .  T . e  a  , r l o  d c i c t s
and p !o te ins  re re  d isso lved e i r re r  rn
u l t ra -pure  ware !  (10  Mf , ! / cn)  o !  1n  pH 7 .4phosphare  bu f fe red  sa l ine  (pBs) ;  ah ino
acro  concent ra t ions  were  0 .1  mq/n I  and

n q l r r  r l  P P q l  t o  0 ,  m o  1 .  O O  p F , ) .  A
d  o D t -  o r  ' r a  s o t u r i o .  u " s  p i p " 1 1 . 6  6 , . "

e o v - d  d o o c  s L ,  t e c a ,  w h _ c L  w o s-  F !  p  o r o t r v  . e m o v - o  o y  c . o i -  " L i . y, r o !  a  o a o o s i r 6 d  s a m p  a )  o -  a .  o w - d  . ores t  fo !  5  min  be fore  be ing  f lushec t  w i th
u a t r a - p u r e  w a t e !  ( f o r  a n  a d s o r b e d
sample)  ,  A l t  sanp leE were  c t r ied  aL  roon

a . d  2 0 - 5 0 t  R . H ,  )  .
o u !  s T M  q a s  p l o v i d e d  b v  ! n e- r i n e l  a  M i c l o s  o p -  C o .  { - .  t n r  r 9 8 ? l  ,

o " . p "  e d  b ,  e . e . t  . o c n e -  c e l6 r c h i n d  o  o .  "  
_ _  _ n

daane le ! /  in  a  2  M KoH so lu t ion  under  a2 0  : 0  v  d .  . ,  p o L p n .  i a t .  l n -  t i p s  , " o
draneters  f rom 0 ,1-1  mn a !  rhe  end as
measured by  ?EM,  STM eas  opera ted  in
a i r ;  bo th  cons tan t  he iqh i  and co , , . . " " !
curen t  no . les  we le  used.  paraneters  fo !
a  typ ica l  cons tan t  he ighr  mode were  2OO
8 0 0  m v  b i a 6  v o l t a g e  ( V b )  ,  r i p s  ! e 1 n g
negar ive  s i th  respecr  to  sanp les ,  1  2  nA
runnerang cur lenr  ( r t ) ,  l  KHz scan ra re

. x d r r - c r o i o d  ! z  i ,  v d . e c l - o n ,
1 o r  o . r / p  c o  c " , , ' . . .  c u . r " " .

1 . 9 -  " -  
-  5 0  4 0 0  .  /  o t a s  v o _  a 9 e ,  L i p s

b 6  q  n - g a f : v e  u  I  " a s p - c f  o  r a , n p t - s ,
1 -4  nA tunne l inq  cur .en t ,  30  Hz scan ra le'  . o -  a - d  0 , 0 ,  / z  i n  y
d i r e c t i o n .  T h e  m a g n l  f i  c a t  i o n  w d s
c a l  b r .  - d  o y  r h o  l d L r i c -  p d r o n 6 L a ! s  o ,q O P G  s l b s  r - L e ,  R - a t  .  i m -  r " g e s  , e - e
o . o c e s s e d  b /  c  b a , d  o a s s  t : . r . r  o
m  n i _  z -  I , o h  r e d u 6 r c y  . o ' s - .  - n d
d - s p l a  - d  b i  q n  o s c  l t o s c o p - ,
p 1 c ! u r e s  w e r e  r e c o r d e d  f r o n  ! h e
osc iUoscope by  a  CRT camela .

Resr l  t s  and d isc .ss ion

A n i n o  a . i d s  ( F e n q  e t  a l . ,  1 9 8 8 )
we f i rs t  s tud ied  the  amlno acaos

s lnce  they  are  rhe  s imp ler  bu i ld inq
b locks  o f  conptex  p lo te ins .  A t l  f i ve
e m i n o  a  : d s  e o . o r o e d  o -  . O p L  L e r e  F - - i

q . , 9 r r "  : , 1
a d r o -  . ' d r p s  o c c  . o  - o  -  o L q h ] v  "  r 0 i  o  I

Angs t rons  in  d ianere !  on  graFh i re  were
r m a q a d  b y  \ o e t ! - -  - .  a _ ,  I  q 8 8 , .  T \ - j
sugqe6red tha t  the  per iod ic  sp ikes  f ron
the  s t land represented  pyr lo l id ine  r ings
o '  - h 6  p  o  r ' -  

" r o  y o l o r  p , o  i r -  a m j n o
ac id  res idues ,  In  cont ras i  to  the  DNA
i n o o 6 s ,  p r o r - . j - s  o .  o  - o n d  r . - i n s
subs t ra te  genera l ry  show a  less  de f ined
s t ruc ture  and Foo ler  reso lu r ion ,

S ince  pro te in  adsorp t ion  p loper t ies
p l a y  a n  i n p o l t a n t  l o t e  i n  L  r  e
app l icaL ions  o f  b ionare l ia ls ,  we ber ieve
rhaL i t  i s  wor th rh i le  to  u t i l i ze  sTM to
exp lo re  the  de ta i l s  in  conforna l io !  ano
pack ing  o f  adsorbed pro te ins .  sTM nay
a l s o  p r o v l d e  i n f o r m a t  i o n  o n  . n e
erec t ron ic  s t ruc tu re  o f  p lo re ins  wh ich
w i l l  c e r t a l n l i  b e n e  f  i t  n o L e c u L a r
e lec t ron ics  s rud les .  h  the  res t  o f  rhe
paper ,  we w i l f  in t roduce ou !  pubt ished
d n d  ' n p J b  i s  - o  s - M  w o l k  o n  I  ! e  "  

i n o
ac ids  and th ree  proLe lns  (Fenq eL  a t . r
1 9 8 I  a n d  1 9 8 9 ) .
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Figure  2 .  (a )  Morecurar  fo rmulas  o f  rhe  f i ve  an ino  ac ids .  (b )  -  (9 )  An i io  ac ids
ad lo lbed f ron  0 .1  ng /ml  aqueous so lu l ions  on  HOpG as  agqregates :  (b )  G lv  (1"b  =  500 nv ,
r t  -  1nA,  25  a lqs t ;oms/d iv ) :  (c )  one o f  lhe  humps in  (b ) ,  2  5  Anss t loms/d iv ;  (d )  l vs
(1 , ,c :3OO nV,  I t  =  l  nAr  25  Angst foms/d iv ) ;  the  wh i te  ver t l ca f  f ines  are  photo  de fec ts ;
(e )  E igher  naqn l f i ca t ion  o f  (d j ,  2 .5  Anss t lons /d iv ;  the  rh i te  ver t i ca t  I ines  are  photo
defec is ;  { t r  Met  l l ,b  =800 mv,  r t  =  1  na ,  25  Angst roms/d iv )  ;  (q )  t l i qher  naqn i f i ca t ion
o !  n e r  ( \ , b  - ' o b  m v ,  : t  . 8  n A r  2 . 5  A n g r t ' o r s  o t v  .  I n  r c , ,  { e ,  . r o  l o  ,  i l d i  i d u ' t
no lecu les  can be  bare ly  seen,  Constan t  he ighr  mode was used.
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'  ' '  r i s  . a I
,  I  . "  v o t u e

rad io iso tope neasu!enen ls ,  uh ich  gave

f 6  '  - . . a .  . e  o f
n L  .  i  a y -  " d  

o  b " '  - "  , r " h  h d d  b a - -
.  _e  sap

r i F ,  
"  d  o  . n  o p a b  _  i . r ,  o .  - a 9  9

. o e o o o b r r F s  d  d  n o -  r o o i r '
' .  1  r  4 .  e 3  2

' - , , - h a

, - , i  a . - -  - i . L c n c e s
' p  s  a  - h 6 y  u - a  o d o r t

' ' d  v  d u d l  - -  o  a c r o  m o l e c . l e  L e  -  l a  d

i n r e r a c t i o n s  b e t u e e n  t h e n  a n d  t h e
s u b s t r a t e .  S o n e t i n e s  a  m o l e c u l e  w a s

r . . - ,  . 6 . r a l  -  o .
- .  d  b e

O c c a s i o n a f l y ,  a  f e w  a n i n o  a c r d
' '  - t  r  L h

i ! i r ' - - L w e

a n t n o  a c i d  m o l e c u l e s  b e c a u s e :  ( 1 )  t h e
d  - . .  , o n s  o I  h -  5 . - -  s p 6  -  - q ,
6 s c i r  a - a d  v ! ! \  r \ -  I . j o r  6

l ' o . e
6 r p a .  6 d  l : ! o m  r \ a  o  6 .  ' l d i  r o d a l  ( s _ _
r r a  i ' s 6  l o n s  ! n  6 d  n  I  q  ! 6 r ;  '  i

'  -  '  s e  - v e d

'  -  - 5 4  H O P G
- . .  -  u  I  h  h a d

-  a  -  a  r q L - o .
P l o . d a u ! 6  6 x ! 6 P -  o  r o . ;  I ) l

n u r p  <
' u !  - d  o u  ' o  b c  d  . .  c . r l  c  . -  " 6 \

w e a k  i n t e r a c r i o n s  w i t h  t h e  s u b s r r a t e ;

o o r  a : n e o  o l  " c  e - r "  H o P  ,  e v e  s o - p  6 s
used seve laL  day6 a f te r  c leavage;  (5 )
hydxocarbon inpur i t ies ,  i f  any ,  a re  no t

.  i - ,  r  d n d
Hansna(198?) ,  and (6 )  a l l  the  prc rures  rn
-hr  s  pePe

D i n d ! .  o '  r i m 6 ! .

i n  r e r n s  o f  i n t e r a c t i o n s  w i t h  t h e
subs t ra te  so  tha t  they  Nere  imob iLe  fo r

-  r  r  '  i  l r q  .

cor ld  be  seen on  g ly  samples  because o f
q ly te  nuch sna l te f  mo lecuLar  ue igh t  and

haqes o f  ind i r idua l  amino
ac id  noLecu les  w i th  cons tanr  he igh t  mode.

T h e  l n s e r t i o n s  a r e  t h e

S1M strrdie,s of proteins

no lecuLar  s izes  based on  cPK mode ls  o f
i  n a q 5 s  '

) . 2  q r g  r ! o m .  o i .  " n  y ,  o  n . r c - -  o !  9 - y
nolecules apparent ly  pack together ;  (b)
leu image (2.8 Angstroms/div  in  x  and 3,2

,  . - a  F .  _  e c u l e s
be ing  seen,  tuo  o f  rh ich  are  assoc ia ted

- d a e ;  L  - p  i a g a  ( 1 , )
Anqs! roms/d iv  in  x  and 3 .8  angs t roms/d iv
i n  l ) ,  a  d i n e r  o f  t u o  p a r a 1 l e 1  p a c k e d
no lecu les  be inq  seen.
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Hen eqq:lrLitlLrlslzrl!0e

compact  p ro te in  w i th  moLecu lar  we lgh t  o f
- 4 , 6 0 0 ,  m " o -  L p  o .  o  s i n g - a  p o l y p p p - i o a
c h a i n  o f  1 2  9  a m i n o  a c i d s  .
d isu l f ide  bonds c ross  l ink  the  molecu le
o n o  p  o v  d e  I  i 9 h  . L d o  l ' ! y .  L y s o / r a -  ' - s
an  e l l ipso ida l  shape,  w i th  d imens ion  o f
45  !  30  x  30  Angst rons  (S t ryer ,  1984)  .
ESCA measurenent ,  F igure  4 ,  shous  tha t

.  . -  . .  ^  , .  q o P c .
The adsorbed nono layer  ( the  pLa ieau o f
. \ -  d d 5 0 . p  _ o .  _ c o r  h - ! n r  v o \  o . - e d
r i th in  5  n in  even when the  so lu t ion
concent !a t ion  was as  loq  as  0 .01  ng lm1r
and v i i tuaL ly  no  desorp t ion  was derec ted .

e
Amount oi monolayer: 5.5 %

1

0.00 0.02 0.04 0.06 0.08 0.10 0.12

r '  -  - 1 ^  c o r h e r
d -  - . _ p d  b  S C A  r u P  q 9 i 8  r ;  r d - o  p .  ' o -
t ime 5  n in  a t  22"c ,  and water  r inse  1

I n  F i g u r e  5  ( a )  |  a d s o i b e d  l y s o z y n e  1 s
- o d e .

The molecu les  apparenr ly  co l lap6ed and
,  ! 6  _ i . o  b d  e

f i lm Has apparent ly  th in  enough to  have
d v o i o - d  o a  r 9  !  !  , r o  ) 9 1  o y  .  , -  - - v  F .
A very  s@11 nud)er  o f  noLecu les  remained
louqhty  o f  q lobu la !  shape (F iqure  5  (b )  )  .

' '  l n
o lder  to  imaqe the  whoLe mofecu le ,  rhe
cons tan t  cur ren l  mode shou ld  be  a  be t te r
ne thod fo r  motecufes  s i ih  d inens ions  o f
no le  lhan severa l  Angs t loms.

r : 9  -  6  i q  r r 6  n a 9 -  u  9  -
c o . s t a n L  c u r ! e n t  m o d e  -  a g a a n  n o

even w i th  h igher  nagn i f i car ion .  Compared
wi th  F iqure  5(a) ,  th is  p ic tu re  shows nuch

i  J a _ f d y s ' ,  o n -  o r  h -  ! 6 c > o r  s  r ' s  b a
tha t  the  cons ta4 l  cur ren t  mode ho le ra ted

t r ied  to  go  over  then.  Another  poss ibLe

nechan ica l ty  push lhe  no lecu les  and p i led
_ h - m  u p  i f  r h a y  d i d  - o !  6 '  r  o 1 . 6  L h d

lysozyme on HOPC,  adsorp t ion  cond iL ions :

5  min  a t  22"C,  and wate !  l inse  I  m in ,  STM
\,t

8 0 0  n V ,  I t  =  2  n a .  ( a )  M o s t  r y s o z y m e
molecu les  me!ged in to  a  louqh adsorbed

-  v - _ y
few cases  g lobu la r  moLecu les  rena ined bu !
t ' e  o p  p o r r i o n )  u a ! a  . p p a t a h  J

lunneL ing  cur ren t  su f f i c ien t ry  to  p r .v i . ie
response in  the  gap d is rance ad jus tment .
f h e  l a t t e r  p e r h a p s  d o m i n a t e d  s i n c e
lysozyme mofecuLes had h igh  !es i6 t i v i t y
and there fo le  uere  hardry  "seen"  by  the

Human se fum a lb rn in  (Eeng e t  aL , ,  1988)
Euman se lum a lbumin  cons isLs  o f  a

s in9 le  po lypept ide  cha in  o f  584 amino
ac ids  r i th  a  no lecu la r  we iqh t  o f  about
6 9 , 0 0 0 .  A L b u n i n  h a s  a  s t r o n s  i n i e r n a L
s r r u c t u r e ,  h e l d  f i r n l y  t o g e t h e r  b y
sevenreen d isu l f ide  br idges ,  F igure  7
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Eigure  6 .  STM inaqes  (100 Angst foms/d iv )
o f  odsorb-d  .  so / j  -  o  r looc ,  -dso  F  o
' o - d  t i o  . :  0 . -  m g  n -  o n  6 n - r a r i o . ,
adsorp t ion  t ine  5  n in  a t  22 'C,  and qa te !
r i n s e  1  n i n ;  S T M  c o n d i t i o n s :  c o n s l a n !
cur ren t  mode,  vb  :  300 (v .  r r  :  1 ,8  nA.

T h e  s 1 l g h t  d e v i  a r  i  o n  i n

shows the  th ree  d lnens iona l  no lecn la r
n o d e i  ( B r o w n  a n d  S h o c k l e y ,  1 9 8 2 ) ,  T h e
motecuLar  shape is  genera l l y  laken as  an

' r  d  !  I 4 0
'  ' m o i n s

k  i  . n

shows one adsorbed h!fran albumin molecule
and sone par t6  o f  luo  o lher  no lecu les  on

T h e  n o l e c u L a r  d i m e n s i o n s  a r e  1 2  0
A n q .  I ' o n .  : n  - a n g  h  o n o  o 0  d  g  o  .  i

d : - -  :  o .  o  ! h -  " d s o  b -  -  I ' o n  I  o - -  o
m o y  ! -  o u a o o y . ' 9 -

'  ' -  i n  h e

c y l i n d r i c a l ,  p a r a L l e L  d o m a i n s  c a n  b e
o b s - _  .  - d ,  - s  6 x p a . r  6 d  r ! o m  '  h a  .  o d 6 1 ,

' ' | ' a L o n

d o  -  a ) ,  s o ,  -  s i d e  r o o P ,  c o a  a  9  t \ -
dona ins  can a lso  be  seen,  The fac l  L rdL
dona ins  can be  d is t ingu ished neans rha t
the  !eso lu ! ion  is  about  10  Angst roms.
The f la l  reg ions  around the  adsorbed
molecuLes have been ident i f ied  as  bare
HOPG,  In  fac t ,  the  t iny  r ippres  a long

h -  - d ,  l n o  1 ! n 6 .  :  n  E  i 9  . .  e  8  ( o  . ! .  .  h -
cor ruga l : ion  o f  g raph i t i c  carbon aroms,
comonly  observed by  STra  on  HOPG.  The
\ u r E a  F  d 6 p . 6 s s ; o  o  ' n e  6 _  o L  6 o  h
adBorbed molecu le  i s  due to  the  de layed
r r n e  r e s p o n s e  o f  l h e  ! i p /  r h i c h  w a s

g ives  ln fo rmal ion  on  adsorp t ion  as  we l l .
T h e  a l b u m i n  m o  L e c u  L e s  e 6 s e n ! i a L l y
na in ta ined a  near ly  na t ive  s ia te  in  the
p r e s e n c e  o f  i n t e r a c t i o n s  b e r u e e n  r h e
adsorba le  and lhe  adsorbent .  There  has

T h e  i m p o r r a n c e  o f  f i b r i n o q e n
'  ' '  ' . ' '  !  L b e

b lood-compat ib i l i l y  o f  mater ia ls  and the
no lecu le 's  un ique th iee-nodu lar  s t ruc lu re
r u r e d  u s  t o  o b s e r v e  i t  a i h h  s T M ,
s i b r i n o g e n  i s  a  b i g  p r o t e i n  r i t h
n o l e c u l a !  { e i g h t  o f  3 4 1 . 0 0 0 .  F l o m  t h e. 0 1 - , u t :  , o d e  :  e r g  1 _ 6
tha t  i l s  d imens ions  are  approx ina te ly  450
Angsr roms in  length  and 65  Anqst rons  in
d iamete !  (Wi l l iams,  1981)  .  A l thouqh ue
never  succeeded in  imag ing  an  in tac t

! b - i n o q 6 n  o  e c r 1 e ,  c u l n - c l  o '  r r a

i . fo rna t ion  about  ST l4  i t se l f ,
F i q u r e  9 1 b )  d i s p r a y s  a  t y p i c a l

- r  ^ l  c l . o o k s  r ' , e  a
to  f iqure  9  (a )  ,  one

r  e  moc-odo,ec l ,e  o .s  e  r  ved

modeL of  serun a lbunin.  In  lh is

molecule ( f ron Brown and shockley,
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1,. Fmg, J.D. Aldrode, dd C.Z. ED

d,

F igure  L  lnages  o f  human a lbun in  on
" o D G .  \ e  p i  . f ! l e  d  n a r  s  o n .  a .  a  2 0 0
Anqst rons  in  the  hor izon la1  ( : )  and 160
A n g s l  o r s  i  i r e  v e ! t i . c l  r y )  d i l e c r i o n - ,

{  -  l e r  e n ,
L h -  s  b s  . a . a ,

\ ' \  .  l i ' o  b e
d i lec t ty  neasured,  Both  (a )  and (b )  show
s e v e r a l  d i f f e r e n i  n o l e c u L e s ,  T h r e e
domains  can be  c lear ly  seen (a )  .  The
' ' p p _ e s  o  - i n - s  ! n  r b r  a r .
rhe corruqations of carbon atons of the
I IOPG.  The Eanp le  $as  prepared by

^  . r \ , -  |  p B s
sotu t ion  (10  ppm arbun in)  on to  f reEh ly
c leaved l roeG and Lhen the  d !op le t  !as

The sahpte  wa6 lhen f lushed w i th  water
f o r  1 0  s e c  a n d  w a s  d r i e d  a t  r o o n

' -  '  - " -  t i o n .
l h -  S t v , a s  o p e  d . e d  d .  "  b i " s  \ o r ! d g e  o
) a n  - v .  - r , . - -  i  '  , "  . - r '  ^  d  - A  a n d

F lgure  9 .  (a )  A  f ib r inogen no tecu la r
node l  f ron  w i l l i ans  (1981) ;  rhe  g lobu la r
donains at both ends may be elonqated (90
x  40  hgs t roms) .  (b )  A  typ ica l  f ib r lnogen
n o l e c u t e  o b 6 e r v e d  b y  S T M  o n  H O p c
( d e P o s i t e d  f r o m  a  2 0  p p n  a q u e o u s
sotur ion) ,  cons tan t  cur renr ,  =  20Q mV,
I t  -  1  nA,  100 Anqst rons /d lv .  (c )  An
inaqe o f  3  separa ted  dona ins  o f  a
f ib r inoqen no lecu le  nh ich  or ig ina tay  was
a  s i m i l a r  s l a b  a s  t h e  o n e  i n  ( a )  r
cons tanr  cu l ren t r  vb  :  200 mv,  r r  =  1 .5
nA,  100 Anqst rons /d iv ,  The p ic rure  sas
taken when the  t lace  o f  wate !  on  the
sanpte  jus t  d isappeared.
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STll st!.\:s ri proteins

i n  c . q u r 6
d e f o r n e d  t h a t  i t  h a d  l o s r  i t s  k e y
c h a r a c t e r i s t l c s .  w h i L e  i t s  l e n g t h

i . L . r  , a ,  r r ,  w i d r l
e :panded to  400 f lon  65  Angst rons  and r ts

' r g  I '
tha t  i t  d id  no t  show Lhe th ree  domaln
s t r u c t u r e ,  F r o n  t h e  d e v i a l i o n  o f  t h e
molecu la r  d i f rens ions ,  i t  i s  reasonab le  to

' n a  r ' p  1 o d  r F a  l
squeezed,  dep!essedr  and thus  d i6 ror red

e .  A r . - o . 9 .
f ib l inoqen has  a  la rge  no tecuLar  s ize ,  i r
a p p e a r s  t o  n o !  s u f f i c i e n r l y  i n c l e a s e . n e
tunne l ing  cu l fen t ,  Thus ,  the  r ip  coutd
not  d iscern  Lh is  huqe motecu le  because i t
judged rhe  sur face  norpho logy  by  sens ing
the  loca l  lunne l ing  cur len t  ra rher  than
aro f r i c  o !  no lecu la r  topoqraphy .  Nore
F iqu le  9 (c )  :  rhe  p ic ru le  s ta r ted  w i th  a
"s lab"  a t  rhe  center .  A  momenr  t_arer  thei s r a b '  , u o o 6 ) ' _  b u ! s .  i - . o  ! l . e e  " c a p s  ,
p robab ly  rep lesent ing  the  th ree  de forned
n o d e - l i k e  d o m a i n s .  T h i s  c o u l d  o c c u r
because th is  sanp le  was jus t  bare ly  d l ied
- o  r h e  m o l  -
adhered and/or  denatured .  The l ink inq
1 o i - .  b a r u 6 6 n  h e  o o n c _ n .  L d d  a p F e . e n -

been fracluled such thar the domain! {e!e
no longer  in  an  ax ls  bu t  ra lher  landomly

The rs labs"  ce l ta in ly  se le  no t  par !
o f  r h a  s . b \  l a t p ,  a s  r ' o h .  o e  s . 9 9 e s . a d ,
s ince  l :hey  were  qu i te  nob i le  on  ine

T h e  w h o l e  p r o c e  s  s  i s
i 1 l u s t l a t e d  l n  F i g u r e  1 0 .  A  s i n g t e
n o L e c u l e  d i d  n o t  h a v e  s u f f i c i e n t
in te rac t ion  w i th  the  subs t ra te  HOPG to
i n m o b i l i z e  i t s e l f .  A 5  s e  m e n t i o n e d
b e f o r e r  o H i n g  ! o  s o m e  d e g r e e  o f
nechan lca l  con tac i ,  the  t ip  wa6 dr iv ing
F i b  r o o -  o 1 -  '  - s  a . o u - d
q o v i n g  u n r i l  m a n y  o f  t h e n  p a c k e d
rogerhet ,  qh ich  inc leased the i r  nu tua l
a n t e r a c t i o n .  T h i s  s o r !  o f  d y n a n i c
P r o c e s s  s a s  o b s e r v e d  w i r h  s e v e r a l
d i f fe len t  sampLes,

ALthough a  few ind iv idua l  no lecures
were  imaqed,  the  na jo r i ry  o f  ihe  STM
images showed aggreqares  o f  f ib r inogen
molecu les ,  as  in  F iqu le  11 ,  in  rh ich  the
loHer  le f t  hand f la t  xeg ion  eas  lhe  I lopc

In  sp i te  o f  ou !  a l ] tenpt  to
c r e a l e  r h e  c o n d i t i o n s  f a v o r i n g  r h e
format ion  o f  separa te  no lecures ,  t :he i r
d is t r ibu t ion  seems to  have norh ing  ro  do
H i t h  r h e  n e c h o d s  o f  p r e p a l a r i o n  o f

/.t

F igure  10 .  A  dynan ic  p rocess  o f  f ib l inogen molecu les  on  HopG,  consranr  cur ren t ,  Vb  -
200 mvr  I t  -  3  nA,  100 Angs i rons /d iv .  (a ) - (c )  recorded rhe  mor ion  and (d )  a l lus t la res
the  en t i re  p rocess .
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Large!  lhan  1  x  1  m.  The tower  le f !
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(3) Iten eqg-white lysozyme underqoes
' o ) a - t  h d  9 '  l p o  e o s o  o l  i o
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f ib r inogen due to  nechan ica l  con tac t ,

poor conductivity.
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Surface atomic and domain structures of biomedical
carbons observed by scanning tunneling microscopy (STM)

L. F€ng and J.D. Andrade*

?r"tr{:t !:,iLX:'gI: if""{,;a 
d Ensineeins and Departnent of Bioensineerins, 248a MEB, uni,efsily

STM has been used to studv the surface domain and
atomic structures of ihree 6iomedical carbons: elassv
(dbon rLCr.  lob- lemperalure Lohrph . " rbon \ l  l l ; .
and ultra low temperature isotropic carbon (ULTI)- The
images show atomic lattices on borh GC and LTI, but
not on tilTl The laitices contain many d€fects, lattices
in GC are more ordeled than those in LTl. The imaqes
dl .o .hoh par ,h l i te  cd.bon . rv . ldL l lp"  wi th - i lp ,  a f

3 15 nm for GC, 2-8 nm for LTI, and 1 3 nm {or ULII.
The clysiallites forn surface domains that may differ
in su ace pioperties due to difierent orientations of the
crystalites. Mechani.al polishing makes the LTI surface
more amorphous and more homoseneous. Based on the
STM observations. we evaluate seviral hypotheses on the
blood .ompatibility of biornedical cartjons. o 1ee3 John

INTRODUCTION

Biomedical carb-ons have a reputation for good
biocompatibility.'j A number of hpotheses have
been proposed as to how their surfaces interact
with plasma prcteins (Fig. 1). One hypothesisa,s
states that ihe carbon surface is chemically inert
and thus does not have strong interactions with
proteins. The adsorbed proteins preserve their native
confomations at the inte ace because o{ the lack of
ddving forces for their conJormational changes upon
adsorytion [Fig. 1(A)]. Another hypothesisb proposes
a "domain match" mechanism that is concemed with
protein su#ace heterogeneiiy.T ff the sutace ot a
biomaterial is heterogeneous because micrcdomains
have diffeirnt surface properties, the adsorbed protein
will expeience "balanced forces" at the interface by
matching their surfa€e patches with those of the car
bon surfaces. Thc matching may indude hydrophobic
intemctions, electnrstatic forces, hydrogen bonding,
etc. IFig. 1(B)1. Still another hypothesis'z,s,' suggests
thar the carbon suda.e becomes blood comparible
by becoming coated and passivated by thc adsorbed
layer of plasma proteins lFig. 1(C)1. To test these
hypotheses one needs to understand the surface
struciure of the carbon.

'To whom conespondence should be addressed.

ScanninS tunneling microscopy (ST]\4) provides
the information on su ace electronic shrcture and
morphology of a salnpl€. It has been widely applied
to conductors and semiconductors because of its
high resolutio& high surface sensitivity, and other
capabilities-ro The conductive nature of biomedical
carbons enables them to be obselved under STM.
Althouth a lot of STM work has been done on
graphite, especially on hithly oriented pyiolytic
graphite (HOPG), little has been done on other {orms
o{ ca$on. Marchon et al.tt observed small glaphite-
like domains on plrolytic carbon and found that thc
domain size is la€er {or ca$on samples p}.rolyzed
ai higher tempemtures. The domain resolution in the
study was limited to 10 nm because of the nature of
their STM tip. In separate workl'z they also imaged
atomic structures on surfaces of amorphous hard
ca$on {ilms, prepared by DC magnetron sputterin&
obsefting small graphihc domains and some five-
membered carbon nngs in many disordered areas.
l l in8. and Wudl '  eumined d number of cdrbon,.
including GC. Although some ordered regions
1-3 nm in size and rows of atoms were observed,
no individual atoms were distinSuishable except on
the Sraphite samples. KakaSiri and Kaizukara imaged
ca$on deposited on Sraphite with a resolution of less
than 1 nm, seeinS hillocks and finding a connection
between roughness and the film thickness. Hoffman
et al.rs documented STM obsewation of suffaces

Joumal of Biomedical Materials Researctr Vol 2Z 177 182 (1993)
o 1993 John Wiley & Sons, Inc. CCC 0021 q304/q3/020r77-0{r
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of P-55 pitch based carbon fibers before and after
surtace treatments. On as-received fibers they saw
some small graphitic regions as large as 20 nm and
many disordered siructures at the atomic scale.

We obserued the sufaces of three biomedical car-
bons, in as reccived and polished forms, by using
STM. We obtained information on the surface mor-
pholoSy, atomic packin& nanocrystallite domains, and
effects of mechanical polishin& at an atomic level.
We discuss ttuee hypotheses (Fig. 1) in terms of STM

E)(PERIMENTS

Glassy €arbon (GC) was purchased from Atom-
ergic Chemeials Cory. (Cat. * V25-44). Boih low-
tcmperature isotropic (LID cafton (sficon-alloyed)
and ultra-low-temperature isotropic ca$on (ULTI)
(deposited on polyethylene ierephthalate substnte)
werc Ffts tuom Sorin Biomedica (Saluggia (VC), Italy).
All the samples werc cut to about 5 mm x 3 mm
pieces by a diamond blade to facilitate moundng ;n
the STM.

As received samples were cleaned sequentially in
Milli Q water (rcsistance: ls MO), acetone (C& EM
Science), and dichlorcmethane (A& Malfinckrodt),
each for 5 min, in a. low-power ultmsonic cleaner
(Model 250. f /MC. RIA Re.cdr(h).  They $ere air-
dried aJter deaning. The GC and LTI were further
polished by hand. The final polishing was caried out
with a 0.05 pm alunina slurry (Buehler) to obtain a
mirrorlike su#ace. For comparison, a different power
size, 0.3-pm alumina slurry (Buehler), and a different
type of powder, 600-8rit emery paper, were also
used during the final polishing. ESCA measurements
showed that aI samples had comparable oxygen

FENG AND ANDRADE

conient: O/(C + O) signal ratio was 11% for the as-
received, 11% for thc emery paper polished, 10%
for the 0.3-pm alunina polished, and 11% for ihe
0.05 /rm alumina polished. The irleaning steps \rerc
identical to those used for the as received samples.
Electron transfer reactions showed that the polished
suface could be further cleaned with the o€anic sol-
vents. For example, the heterogeneous rate consranrc,
l', o{ ferro-/feri cyanide (0.2 mmovl-) reaction on
polished LII electrodes were 1.5 x 10-, cm/s and
5-3 x l0 '? cm/s, before and after they were sonicated
in CH2C1, for 2 min. The higher ft' suggested the

A Nanoscope II (Digital lnsi.) with STM Head-A
was utilized for thc measurement. The observation
was performed in air with constant height mode. All
the samples were imaged with mechanically sharp-
ened IrlPt tips at a bias voltage of 0.1 V and a tun
neling current of 1.0 nA. Therc was a chance that the
sample surface could be modi{ied by the tip,sample
intenction. The facto$ involved include tunneling
curent, bias potential, and properties of ihe sample
itself (electron density, strengtb and hardness). For
insiance, due to the difference of their structures, a
layer of graphite is easily removed by a tip, but a
turbostratic carbon is much more difficuli to damaSe.
To assure ihat our carbon samples werc unmodified
dunng STM scannin& many other combinations of
voltage (0.02-0.4 V) and current (0.2-3 nA) werc also
teste4 all resulting in similar images. Whether an im,
age has been filtered is indicated in its figure caption.

RESULTS

Among the three as-received samples the cC
shows the most ordered shrcture/ with many "quasi-

: :  : :  : : P i o r d n  : :  : : : : : : : :
/ , - - \ ' ' :
( t  ! J

r:

ffi: : : -
: :  : :  BiomiGiai :

(b)
Figure 1,_ Schematic representahons of three hypotheSes on ihe blood compabbLtiry oi bromedical carbons (see rext
Ior  dera i l . ) :  {d j  thp in€r tne$ h\oot  e-r - :  rbr  the domarn mdr,a inH h)po.he- i - .  uaing hvdr  phobic j r } -mar,h inB r"
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CARBONS OBSERVED BY STM

crystaline" trrbostratic patches (domains) of 3 15-
nm size [Fig. 2(a)]. The sandy-grainlike structures on
many domains are, in fact, individml carbon atoms.
These crystallites are thought to orient such that
their basal planes are nearly parallcl to the sample
plane because only on the basal plane can ordered
atomic packing be observed. The apparcnily noisy
regions are considercd to be crystallites which expose
their edge planes on the surface. STM cannot probe
these su aces well becausethey arc rough and ful of
dctc. l - .  Fi$re.2(b) dnd 2(c) -how.mdu reg'on. nn
two of the domains. The misplaccd atom, showl by
the arrow in FiSure 2(b), and line dislocations, shown
by the ar:rows in Figure 2(c), hi8hlight the lack o{ long-
range orderingwithin a single crystallite. The distance
between two visible adjacent atoms measured from
Fitures 2(b) and 2(c) is 0.28 I 0.03 nm, while that of
the graphite lattice (picture not induded) is measured
as 0.25 a 0.02 nm.

As-received LTI has a foogh surface, containing
many large and small sranules. IiSure 3(a) shows
three large granules with diameters of about 200 nJn
and peak-to-valley vertical distances of about 50 nm.
The individual large granules are made up of many
small granules about4(l nm in size- Thc largc $anules
are readily sccn by SEM,r'z but the small Sfandes
have not previously been reported. Althorgh not as
frequently and noticeably as in the case of the CC,
quasi-crystalline patches (clomains) are also obscrved,
shown in Figrre 3(b). Compared with their CC coun-
terparts, for LTI the atoms are less orderly packed, the
range of orderins is shorter, and the domain sizes,
2 8 nm, arc smaller. lt is difficult for STM io image
individual atoms on a disordered sudace. If the c-
plane of a carbon crystallite is not oiented parallel
to the sample plane, STM will not show the ordered
atomic packing due to ihe effects of irregular shape
edges and de{ects. Meanwhile, the as-received LTI has
a very rouSh sudace/ as shown in FiSure 3(a). The
roughness, together with small ordercd re$ons, and
random crystalite orientatior! made it more difficrilt
to obtain a good image at the atomic scale. Neverthe-
less, rccognizable domains with ordered atomic arrays
werc often seen and ihe images were reproducible.
For example, Figure 3(b) shows at least five such
domains. Figure 3(c) represents one of the LTI images
that display relatively dear atomic structures. The
picture is composed of several domains, possibly with
different orientations. I The upper left area appears
to have little order with loose ca$on flakes (white
streaks). We thir'l< it could consist o{ either very poorly
fomed basal planes or nonhorizontaly odented basal
planes. The one at the lower ght comer is similar.
The area at the upper right, toward the middle, shows
a relatively well organized atomic pattem- However,
its basal planes are warf/ rather ihan flat, and appear
to be closely panllel to the sample surface. On the
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Figue 2. STM images of as-1€ceived glassy carbon
(GC): (a) mosaics of patcnes (domains) with the size o{
3 15 nm; (b) a filtered image showing atomic arays and
a misplaced atom (arTorr), where the interatomic distance
is 0.28 0.31 nm; and (c) another {iltered image showin8
aiomic anays ard a few line dislocations (droirs), where
ihe inieratomic disiance is 0.22 0.26 Im.

other hand, ihe edge plane of the lower left area may
be on the sample surface, since the distances between
two adjacent rows arc about 0.3s nm, which is close
to th€ interlay€r distanc€ o{ graphite.



180

Surfaces oi LILTI appear to be the roughest of
a[ three. As shown in Figure 4(a), the peak-valley
distance is more than 100 nm. They also havc the
smallesi domain areas, only 1-3 nln, and the low

FENG AND ANDRADE

est ordering in atomic packing. Figure 4(b) typifies
the STM images of the ULTI: Atomic armys are not

Inrm the surface atomic structure point o{ view,
alumina polishing does not change t1re GC surface
very much, whne it sisnificantly modifies the LTI
su ace. After polishin& the atomic order of the GC
surface is prcseffed to some extent. Figure 5(a) rep-
resents such a case/ wherc ordering can still be seen
on the upper part of the picture- Some images with
lower magnifi.ation show scratch like features that
may be due to the polishing. For polished LI, al-
though the su#ace becomes much smoother ordered
atomic structures are gone Isee Iig. s(b)1. Compar
ing Figure 5(b) (polished LTI) with IiSure 3(c) (un-
polished LTI), we realize that the polished surface
has been apparently modified to a more random
and amorphous structure- It also becomes more ho
mogeneous because the difference among domains
lFis. 3(c)l disappeaG.

DISCUSSION

This preliminary study suggests that the ordering
of atomic packing in the three carbons is, in descend-
int order, GC > LTI > ULTL The STM observations
suSgest that unpolished surfaces of LII IFi8. 3(c)l are
heterogeneous from domain to domain, realized by
different atomic organizations and crystallite orienta
tions. The edge ptane or the basal plane with many
defects iends to be more energetic and chemically
active than the defect-free basal plane in gaphite
crystallites.r+]i Therefore, one can suggest that the
differcnt domains in Figure 3, for example, may have
different su ace adsorytion properties. lt should be
pointed out that carbon sudaces in air are prone to
chemically adsorbing oxySen atoms, mainly in the
re$on of defects arld crystalite edges. This makes
these redons more dissimilar to a pe#ect basal plane.

Since LTI used in aftificial heart valves is pol
ishe4 we also studiedpolished LTL The improvement
of blood biocompatibility by polishing presrmably
occurs because a smooth surface traps fewer pro-
teins and cells and they are replenished faster by
flowing biood.t,'? But in fact poljshing does more
than just smoothing. As shown in Figurc 5(b), the
surface of the polished LTI tends to be
phous. Such a change could play a role in its sudace
energetics and chemical reactivity. The polishing of
LTI actually changes the surface by modifying the
odginal crystalline structure throu8h creaiing more
edges and defects. Fi8lre 6 schematically rcprcsents
this suggested modification prccess. This modiJication
-e(m- to b( d Senerdl  ouhome of pol 'shing, . ince
similar modified sudaces have been observed when
polished with different polishinS powderc. So {ai, two

(c)

Figue 3. STM images of as rcceived Iow iemperature
isohopic rarbon rTTT):  (d)  'u [dr"  murpholoH) dnd brydn
uldr  nrL,dure,  where the ldrge $anulp.  hdr  p Lhe d i jme
ter of about 200 nm and peak-to-valey disiances of about
50 nm, and the small granules have the size of about
a0 nm; (b) mosaics of patches (domains) with the size of
2 il n4 (c) a filtered image showing atomic anays and
severai different domain a.eas (see discussion in text).
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important deductions can be formulaied: Polishing
makes the s face more homogeneous as well as
amolphous/ and the surface should become more
enerSetic and chemically active.Itis important to note
that although certain polishing procedures may vary
for differcnt sources of LTI valves, our conclusion
should be true, because we have used different sizes
of polishing powders (0.05 and 0.3 pm) arld different
polishing methods (emery paper and alumina).

Another infercnce is ihat inertness and domain
matching lFigs. 1(a) and (b)l may not be the prin-
cipal oriSins of the biocompatibility of LTl. Ca$on
valves may havc lar8ely lost those iwo characteris-
tics due to the polishinS process, and yet they are
considercd blood compatible. The other hFothesis
lFig. l(c)l may merit fufther consideraiion, because a
surfdce wi lh hiEher ener$ mr) ad-orb prolein- morp
tenaciousl, so that the protecting protein layer would
be more stable. Srch a su#ace could be more blood
compatible.

(b)

Figure 4. STM imag€s of as-rrc€ived ultra-low-tempera
tule isotropic carbon (ULTI): (a) surface norphology
where the granules have the diameter of about 400 nm
and peak io valicy distances of about 10tr nm; anct
lb)  mu.dk -  uI  pdhhe\  ldomdin-)  sr lh  b"r€ly  recogniz-
able ordering, a nunber of rows roughly slanting from
the upper lefi to the lower iight.
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(b)
Fisure s. STM images (filtered) of polished glassy car-
bon (a), where oidered atomic packing is still seen ir the
uooe'  r rg jo dnd p" l r -h.d lnw- 'eaperdture i \o l ropn
caLbon, (b), whcri no orderins can be reen

CONCLUSIONS

(1) ScanninS tunneling microscopy is able to re-
veal ihe surface morphologies o{ biomedical carbons,
down to an atomic level.

(2) Although all three carbons have turboshatic
structurcs, the STM images suggest that ihe ordering

4,llllllEAzzu=
.?,|||-"'BlllFtllllltl

Figure 6. Schematic rcpreseniation of effects of pol
ishing on the su ace moryhology of low temperature
isoiropic carbon (see discussion in text).

illlill
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of atomic packing can be arranged in descending
order: GC > LTI > ULTL

(3) Domain sizes are also in descending orderl
G C > L T I > U L T I .

(4) Polishing appea$ to make the LTI surface more
homogeneous and more amorphous than the unpol-
ished tiIL

The aulho$ tha* So.in Biomedica for the carbon
samples. This work was slpported by the Center for
Biopolymers ai lnierfaces, Unjversiiy of Utah.
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Protein adsorption on low-temperature isotro ic carbon: 

scanning calorimetry 
I. Protein conformational change probed by 8 ifferential 

L. Feng and J. D. Andrade* 
Departments of Bioengineering and Materials Science and Engineering, 2480 MEB, University of Utah, 
Salt Lake City, UT 84112 
This is the first of a set of articles on protein adsorption on 
low-temperature isotropic carbon (LTIC), a reputed blood 
compatible material. Surface-induced conformational 
changes of albumin, fibrinogen, and some small proteins 
were measured by differential scanning calorimetry (DSC) 
on LTIC powders and colloidal silica. The LTIC surface sig- 
nificantly alters the DSC response (denaturation?) in pro- 
teins studied in different buffer solutions. We use the term 
“denaturation” to refer to altered protein behavior in the 
adsorbed state. Hydrophobic interactions between LTIC 
and the proteins are thought to be the major driving force. 

The presence of air at the water-carbon interface seems to 
prevent the surface denaturation of fibrinogen. The silica 
surface greatly denatures albumin but only slightly dena- 
tures fibrinogen. Because LTIC is considered to be a 
nonthrombogenic material, but silica is considered to be a 
thrombogenic one, whether a surface denatures adsorbed 
proteins cannot be the sole criterion for its blood compati- 
bility. The latter largely depends on what protein the sur- 
face denatures, and in what sequences. 0 1994 John Wiley & 
Sons, Inc. 

INTRODUCTION 
Low-temperature isotropic carbon (LTIC) is re- 

ported to be a blood compatible material.lJ2 Despite 
its wide applications in cardiovascular devices, it is 
still unclear and even controversial as to how LTIC 
achieves acceptance in a blood environment. Because 
of the important role played by adsorbed proteins in 
blood ~ompatibility,~ we chose to study protein ad- 
sorption on LTIC and other model surfaces to obtain 
insight into the mode of interaction between LTIC 
and proteins4 By integrating all the information from 
several experimental techniques,%’ and from the lit- 
erature, we present a relatively complete picture of 
LTIC and protein adsorption.8 

This article uses differential scanning calorimetry 
(DSC) to measure the calorimetric enthalpy of ther- 
mal denaturation of a protein both in solution and on 
a surface. From the difference on the transition heat, 
we deduced conformational changes of adsorbed pro- 
teins on LTIC and silica powders; we call this effect 
surface-induced ”denaturation.” The conformational 
status of adsorbed proteins is thought to be important 
to the blood compatibility of prosthetic cardiovascular 
implants, although the specifics are largely unknown 
and controversial. Nyilas,’,lo Baier,” and Bokrosl 

*To whom correspondence should be addressed. 

considered LTIC to be an inert material inducing little 
conformational change in adsorbed proteins. On the 
other hand, Sevastianov,” Kaelble,13 and SharmaI4 
suggested that the LTIC surface is coated with a thick 
film of bland plasma proteins, held so tenaciously 
that they can not be easily removed. Riccitelli ob- 
served conformational change of proteins adsorbed 
on carbon.I5 It was difficult for us to accept that the 
LTIC surface would not denature adsorbed proteins, 
because of the similarity of the surface structure and 
hydrophobicity of carbon to many organic polymers 
as most hydrophobic surfaces do denature pro- 
t e i n ~ . ~ ~ , ~ ~  We postulated that LTIC may also denature 
proteins, but that such denaturation is generally un- 
detected. 

Methods for measuring the conformation of ad- 
sorbed proteins include FTIR,I8 FTIR-ATR,I9 CD,“ 
hydrodynamic thickness,” TIRF,” enzyme activi- 
ties,23 and immun~assay .~~  Using DSC to investigate 
protein thermal denaturation has become a well- 
established procedure for studying the domain struc- 
ture and thermal stability of proteins and of their do- 
m a i n ~ . ~ ~  DSC was used to stud the domain struc- 

conformational transitions of rneromyo~in,~~ 
solution properties of a l b ~ m i n , ~ ~ , ~ ~  and thermal sta- 
bility of model  protein^.^' Pioneering work by de 

tures of fibrinogen structure26f Y and complement 

Journal of Biomedical Materials Research, Vol. 28, 735-743 (1994) 
0 1994 John Wiley & Sons, Inc. CCC 0021-9304/94/060735-09 
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Baillou et al. detected the conformational change of 
fibrinogen adsorbed on glass beads.“ 

The notion of using DSC to study adsorption in- 
duced denaturation is straightforward. We assume 
that the structure of a protein or of a major domain 
exists in ”two pseudo states”: either native (folded) 
or denatured (unfolded). The denatured state may 
have different structures depending on different de- 
naturation routes. Nevertheless, as far as the thermo- 
dynamic transition is concerned, different denatured 
structures are indistinguishable. Thermal denatur- 
ation is not observed if the protein has been dena- 
tured upon adsorption. In other words, the adsorbed 
conformation is considered denatured if the protein 
does not undergo the expected “melting” transition. 
Although the issue of non-native or different ad- 
sorbed states is debatableI3’ the consideration of dif- 
ferent “states” of denatured proteins will not affect 
the conclusion from this work, as long as such non- 
native states do not significantly participate in the 
thermal transition. 

The “two pseudo state” assumption is applicable to 
individual domains within a single protein molecule. 
A specific domain will not show thermal denatur- 
ation if it has already been denatured by a surface. 
However, this does not mean that the other domains 
of the same molecule will not be thermally respon- 
sive; they will if their conformations have not been 
significantly changed. In other words, individual do- 
mains or even parts of them can be denatured inde- 
pendently. The work by Privalov is a good example .26 

The key assumption used here is that any native 
structure in any part of the molecule can only be de- 
natured once, either by surfaces or by heat. It should 
be pointed out that because of sensitivity and noise 
level, our data on conformational changes only have 
macroscopic significance. Very small changes in pro- 
tein conformations may not be detected, such as 
those that can be probed by immunoa~says.~~ 

EXPERIMENTAL 

Materials 

Low-temperature isotropic carbon powders were 
ground by ball milling silicon-alloyed LTIC frag- 

ments, a gift from Sorin Biomedica (Italy), in a ce- 
ramic jar for 5 h. Their average diameters were 0.2 
km, with very broad distributions. The BET surface 
area was 54.4 m2/g, but not all this area can be avail- 
able to proteins. We have estimated that the accessi- 
ble surface of LTIC is 18 m2/g4 Colloidal silica 40% 
water suspension (from 0.02 km and about 100 m2/g) 
was purchased from Johnson Mattley (Ward Hill, 
MA). No stabilizer was added in the suspension. 

Two plasma proteins and four small model pro- 
teins were studied (Table 1). The three chemical re- 
agents used in phosphate-buffered saline (PBS) were 
all super-pure grades: sodium dibasephosphate (Ul- 
trix) was from J. T. Baker Chemical (Phillipsburg, 
NJ). Sodium hydroxide (Suprapur) and sodium chlo- 
ride (Suprapur) were from Eh4 Science (Gibbstwon, 
NJ). Sodium acetate and acetic acid for the acidic 
buffer were analytical reagents from Mallinckrodt 
(Parks, KY). Glycine for the basic buffer was electro- 
phoretically pure from Hoefer Scientific Instruments 
(San Francisco, CA). Water for: the buffers was dou- 
ble-distilled from predeionized water. 

Buffer solutions 

The buffer should prevent the protein of interest 
from precipitating or aggregating upon denaturation 
at elevated temperature. Otherwise, the native to de- 
natured transition would be buried in a much greater 
exothermic transition of aggregation. Another prefer- 
ence for a buffer is that its pH should be in the vicin- 
ity of pH 7.4 so that protein behavior from DSC mea- 
surements could be correlated to its properties mea- 
sured in other  experiment^.^^ The first prerequisite 
could usually be met by using a buffer with a pH 
away from the isoelectric point of the protein.26 
Hence, the buffers for most of the proteins studied 
were either acidic or basic compared with pH 7.4. 
Table I1 lists the buffer used for each proteins and 
their denaturation data from the literature. The rea- 
son why human fibrinogen (either from Calbiochem 
or Kabi) was not used was that no buffer was found 
that could prevent the protein from aggregating dur- 
ing the DSC run. Even with BFG, the only applicable 

TABLE I 
Proteins Used in DSC Experiments 

Protein Albumin Fibrinogen Lysozyme Cytochrome c Myoglobin Ribonuclease A 
~~ 

Abbreviation HSA BFG LSZ CYT MGB RNAse 
Source Human serum Bovine plasma Hen eggwhite Tuna heart Horse heart Bovine pancreas 
Mw, daltons 65,000 340,000 14,300 12,170 18,800 13,700 

Domains Multiple Multiple Single Single Single Single 
Supplier ICN Biomedical Sigma (St. Sigma Sigma Sigma Sigma 

4.7 5.8 10.7 10 7.8 9.6 PI 

- - (Irvine, CA) Louis, MO) - - 
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buffer was glycine at pH 8.5, among the buffers 
tested. In fact, HSA was the only protein studied that 
did not precipitate in PBS after being thermally de- 
natured. Despite the variation of buffer, we still be- 
lieve that the unique information content of DSC is 
instructive. 

Prewetting of powders 

Air trapped in the pores of LTIC can complicate the 
water-solid interface in at least two ways: by reduc- 
ing the effective interfacial area for protein adsorption 
and by creating a triple air-water-solid interface and 
an air-solid interface,34 proteins at these interfaces 
may take different conformations and have different 
adsorption properties. To minimize such effects, the 
powders were evacuated using molecular sieve ad- 
sorption pump (VacSorb Pump, Varian), which pro- 
duces very low contamination. LTIC powders in a 
test tube were degassed until the vacuum reached 50 

mm Hg or lower. A slightly degassed buffer 
solution was later introduced into the tube to soak 
and wet the powders that had been under vacuum 
(vacuum prewetting). For comparison LTIC powders 
were also prewetted by simply pouring buffer solu- 
tions onto them at atmospheric pressure (air prewet- 
ting). Because the colloidal silica had already been 
wetted by water, its prewetting was simply by dilu- 
tion with the buffers. 

Adsorption procedure 

Protein adsorption took place in DSC ampoules 
made from stainless steel. For studies using vacuum- 

prewetted LTIC and colloidal silica, a given amount 
of the prepared powder-buffer suspension was pipet- 
ted into a 1 ml ampoule. Concentrated protein solu- 
tion was added (2.0 mg for HSA and 1.0 mg for other 
proteins). Pure buffer was added until the ampoule 
attained the required weight (deviation less than 0.5 
mg). The total mass of a sample (suspension or solu- 
tion) was about 600 mg, which differed slightly for 
individual ampoules. For the air-prewetted LTIC, the 
powders were directly weighed inside an ampoule. 
About 0.2 ml buffer was added to wet the adsorbent, 
with prewetting taking 30 min. Everything thereafter 
was identical to the vacuum-prewetted LTIC. The 
precisely weighed ampoules were tightly sealed. Ad- 
sorption took about 1 h at room temperature while 
the ampoules were slightly rocked to provide mixing. 

DSC instrument and operation 

The calorimeter (Hart Scientific, Pleasant Grove, 
UT) was designed for biologic applications with a 
sensitivity 100 times higher than a traditional DSC, 
recording from 100 to 1 mW with a baseline stability 
of 0.15 mW. For the measurement of protein dena- 
turation, the temperature scan was programmed as: 
1) scanning down from 20°C to 15°C; 2) staying at 
15°C for 10 min; 3) scanning up from 15°C to 95°C for 
HSA and MGB, and to 105°C for BFG and other small 
proteins; and 4) scanning down from 95°C or 105°C to 
20°C. The rate of temperature up scanning was 1.0"C/ 
min, and that of down-scanning was l.SC/rnin. The 
scan rate chosen for an experiment is a compromise 
between a desired sensitivity and separation of over- 
lapping transitions. The background calibration curve 
for each sample was obtained with the same am- 

TABLE I1 
Buffer Solutions for Six Proteins and Their Thermal Denaturation Parameters 

Concentration NaCl 
Protein Buffer (mM) PH (mM) Tm ("C)* AH (kJimo1e)t 

HSA PBSS 10 7.4 150 60, 68, 805 976" 
BFG Glycine 50 8.5 0 56, 95** 2259, 2134** 
MGB Glycine 50 11.1 0 70tt 115tt 
LSZ Acetate 10 4.1 50 77$S 135H 

77§§ CYT Acetate 10 4.1 50 63§5 
102, 116"" RNase Acetate 10 4.1 50 55, 64"" 

*Thermal denaturation temperature. 
tMolar calorimetric enthalpy (equaling transition heat per molar protein).26 
$Phosphate-buffered saline (NaH,PO, + NaOH + NaCl). 
?Three transitions at pH 7.0 (10 mM phosphate + 30 mM NaCl).,' 
'Total heat of the three transitions.,' 
**Two transitions at pH 8.5 (50 mM glycine buffer).26 
t tAt  pH 11.1 (40 mM glycine b ~ f f e r ) . ~  
**At pH 4.5 (40 mM glycine buffer).31 
§At pH 4.6 (40 mM glycine buffer).31 

iAt pH 3.7 and 5.4, respectively (40 mM glycine buffer).31 
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poule, same weight, and similar solid content. The 
only variant was protein. The background for HSA 
was the second run of the same sample. During the 
second run HSA had no transition, as it had been 
denatured during the first run and was not renatured 
when the temperature was cooled down. The back- 
ground curves for other proteins were obtained by 
running DSC on solid-buffer suspensions without the 
proteins. All the thermograms shown in this article 
are background subtracted. The enthalpy change 
(AH) of a transition is obtained from the peak area. 
Except for albumin, DSC for other proteins under a 
specific condition was run twice; thus no error bars 
are given in the figures, but the AH differences be- 
tween the duplicates were around 10%. 

RESULTS 

Typical DSC thermograms 

The curves in Figure 1 represent typical DSC ther- 
mograms of HSA in PBS at pH 7.4 and BFG in 50 mM 
glycine buffer at pH 8.5. Similar thermo rams have 
been observed for HSA3' and for BFG.26, HSA has 
three transitions with peak temperatures at 62, 67, 
78°C and a total transition heat of 976 kJ/mole. They 
may represent the denaturation of the three major 
domains of HSA.26 At pH 8.5, BFG has two transi- 
tions with peak temperatures at 55 and 96°C and 
transition heats of 1,770 and 1,670 kJ/mole, respec- 
tively. The data are comparable to those in Table 11. 
According to Privalov, the lower temperature transi- 
tion peak of BFG is due to denaturation of its end 
domains (D), and the one at higher temperature is 
due to the middle domain (E).26 

We have assumed that if an adsorbed protein is 
denatured, it cannot undergo further thermal transi- 
tion. Thus, the AH of the transition becomes smaller 
in the presence of adsorbents, or even zero if the 
surface adsorbs and denatures all the protein mole- 

cules. The decrease in enthalpy change thus depends 
on the ratio of the amount of protein and on the avail- 
able surface area. A higher surface area should ad- 
sorb and denature more proteins, resulting in a 
smaller AH. Figure 2 illustrates that, indeed, the more 
adsorbent, the smaller the transition peak. There is 
also a disproportionality of nondenatured HSA and 
the amount of powder at low LTIC doses (10 and 20 
mg). This relation does not exist at high doses of 
LTIC, probably because excess powders reduce the 
effective surface area for protein adsorption due to 
aggregation. This phenomenon is discussed in detail 
e l~ewhere.~ While the heat of transition is reduced, 
the transition is also shifted toward higher tempera- 
ture. The phenomenon was also noticed by Uedaira 
et a1.35 

One of the complications of running DSC with 
LTIC suspensions is the interference of the powders. 
We often found that endotherrnic peaks appeared on 
thermograms of suspension samples, mostly after the 
protein became thermally denatured. For example, a 
broad peak appears between 51 and 63°C on the 
curve of 50 mg LTIC in Figure 2. Sometimes the peaks 
could be several times larger than those of the protein 
transitions. We think that these irregular transitions 
come from dispersion of previously aggregated pow- 
ders. Such a process is likely aided by elevated tem- 
peratures and by proteins that act as surfactants or 
stabilizers at the solid-water interface. Using Iess 
powder was an effective way of reducing those un- 
wanted peaks. The compromise was to use the min- 
imum amount of powder protein that would give the 
required sensitivity. 

of thermal denaturation of proteins Enthat? on LT 

The fraction of thermally denatured protein (FTDP) 
is defined as: FTDP = AH (ads)/AH (soln), where 

"\ 78 
HSA .------ 

m -' 

Molecular model for HFG 

40 50 60 70 80 90 100 

Temperature, O C  

Figure 1. 
glycine). Domain D of BFG denatures at 55°C and E at 96°C. 

Typical DSC thermograms for HSA at pH 7.4 (10 mM phosphate + 50 mM NaC1) and BFG at pH 8.5 (50 mM 
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Figure 2. DSC thermograms of denaturation of HSA in 
the presence of different amounts of LTIC powders. Curve 
a: PBS + 30 mg LTIC powders, no protein; Curves b-f PBS 
+ 2.0 mg HSA + 0, 10, 20, and 50 mg LTIC powders, 
respectively. 

AH(ads) (kJ/mole) is the enthalpy change of a transi- 
tion in the presence of adsorbent and AH(so1n) is that 
for the same amount of protein in the absence of ad- 
sorbents. The absolute value of AH is not important if 
only the nondenatured fraction is desired. Figure 3 is 
the FTDP of HSA as a function of amounts of LTIC 
powders. Decreases in the transition peaks is obvi- 
ously a result of the presence of the adsorbent. Be- 
cause LTIC has a high tendency to adsorb proteins, 
the surface should be largely covered by proteins af- 
ter 1 h incubation. Our radioisotope experiments 
show that the surface concentration of HSA from PBS 
is 2.5-4.5 mg/m' when the solution concentration is 
0.1-2 mg/ml. The concentration of 1.0 ml PBS- 

0 10 20 30 100 

LTlC powders, mg per 2.0 rng of HSA 

Figure 3. Fraction of thermally denatured HSA in the 
presence of LTIC powders. The error bars show standard 
deviations calculated from five samples for each column. 
The estimated accessible surface area of LTIC is 0.18 m2/10 
mg. 

buffered HSA can be depleted from 1.6 to 0.5 mg/ml 
by 30 mg/ml, that of BFG from 1.1 to 0.2 mg/ml, de- 
tected by ultraviolet spectroscopy. The surface con- 
centration is estimated at 1.7 and 2.0 mg/m2, respec- 
t i ~ e l y . ~  The protein surface concentration may not be 
the same for samples with different amounts of ad- 
sorbent, as they deplete the soluble protein to differ- 
ent extents. We think this variable-coverage adsorp- 
tion is acceptable because we are only interested in 
finding out whether the surface can denature pro- 
teins. 

Both the vacuum- and air-prewetted powders re- 
duce FTDP HSA, suggesting that HSA can be dena- 
tured at both the carbon-water interface and the car- 
bon-air-water interface. However, the presence of 
trapped air may reverse the course of BFG surface 
denaturation. Figure 4 shows the FTDP of BFG after it 
was incubated with LTIC powders prewetted either 
by air (A) or by vacuum (B). The results suggest that 
the carbon-water interface can denature BFG, but the 
air-water interface cannot. This was not expected, 
because most studies show that the air-water inter- 
face favors the formation of a monolayer of denatured 
plasma proteins.36 This phenomenon deserves a fur- 

0.2 

0.0 

I 

I a 

v 
I a 

0.2 

0.0 

0 10 
1 20 

LTlC powders, rng per 1 .O mg BFG 

(A) 

0 10 20 

LTlC powders, rng per 1 .O mg of BFG 

(B) 

Figure 4. Fractions of thermally denatured BFG in the 
presence of LTIC powder: (A) Nondegassed and (B) de- 
gassed LTIC before buffer prewetting; white: 1st transition 
and black: 2nd transition. 
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ther look. Figure 4 also suggests that domain D may 
be more susceptible to surface induced denaturation 
because the first transition peak is smaller than the 
second one. The vacuum-prewetted LTIC surface 
may also denature all the small proteins tested (Fig. 
5); among them, MGB appears to be the most sus- 
ceptible to surface denaturation. Again there is no 
proportionality between the amount of FTDP and the 
amount of LTIC. 

Denaturation of HSA and BFG on silica 

From the change of FTDP, we suggest that the sil- 
ica surface substantially denatures HSA but only 
moderately denatures BFG (Fig. 6). For adsorbed al- 
bumin (human or bovine) on silica, both the dena- 
tured case37 and nondenatured case3' have been en- 
countered. With a surface area of about 100 m2/g and 
its nonporous and hydrophilic nature, silica defi- 
nitely provides much more accessible surface for ad- 
sorption of BFG. Therefore, it is fair to say that the 
silica surface little changes the conformation of BFG. 
This observation was also made by Macmillan from 
CD experiments.20 

DISCUSSION 

Significance of the fraction of thermally denatured 
protein (FTDP) 

Besides our suggestion of destabilization of the sur- 
face adsorbed protein, the decrease of the FTDP 
might be a result of another process-surface stabili- 

0 lysozyme. Tm = 79OC 1 .o 

ribonuclease A, Tm = 6 loC  

- cytochrome C, Tm = 64OC 

?? 0.6 myoglobin, Tm = 66OC 
I 
9 
3 v 0.4 
I 
d 

0.8 

C - 

- 

0.2 

0.0 
0 10 20 

LTIC powders, mg per 1 .O m3 protein 

Figure 5. Fractions of thermally denatured model pro- 
teins: myoglobin in glycine buffer (pH 11.1) and others in 
acetate buffer (pH 4.1). The thermal denaturation temper- 
atures are very close to those corresponding values in the 
literature (Table 11). 

HSA - 
0 BFG 1st transition 

1 .o BFG 2nd transition 

0.8 

.% 0.6 
I 

c - 

9. 
0.4 - r 

d 
0.2 

0.0 
0 10 20 

Silica, m3 per 2.0 mg HSA or 1 .O m3 BFG 

Figure 6 .  Fractions of thermally denatured HSA and BFG 
in the presence of colloidal silica; hatched: HSA, white: 1st 
transition of BFG, and black: 2nd transition of BFG. 

zation of the adsorbed protein so that it does not 
thermally denature in the temperature range. Thus, 
there is no surface-induced denaturation. However, 
we can probably rule out this possibility by the fol- 
lowing argument. 

The structure of surface immobilized (physically 
adsorbed or chemically bonded) proteins can be sta- 
bilized or destabilized by the surface. Thermal stabil- 
ity of proteins may be increased when they are im- 
mobilized on a surface, probably as a result of restric- 
tion and blocking of unfolding pathways by the 
surface.41 However, hydrophobic surfaces denature 
(destabilize) proteins and are not appropriate for co- 
valent immobilization.42 Most solid substrates used 
for immobilizing proteins are hydrophilic sur- 
f a c e ~ . ~ ~ , ~  Even on a hydrophilic surface, stability of 
protein can be decreased. Steadman et aLM studied 
thermal denaturation of seven proteins adsorbed on 
silica using DSC and other techniques. The major ob- 
served effect of surface adsorption on protein stability 
is destabilization. 

If one argues that diminishment or disappearance 
of a normal denaturation transition implies surface 
stabilization, it would mean a large enhancement in 
the structural stability of the adsorbed protein. It is 
unlikely that a surface could completely prevent an 
immobilized protein from thermal denaturation in 
the temperature range of 20-105"C, unless there is 
substantial conformational change. Therefore, in ei- 
ther the destabilization or the stabilization case, the 
conformation of the adsorbed protein has been al- 
tered by the surface, i.e., denaturation. 

The LTIC surface denatures proteins 

It is not unexpected that carbon surfaces denature 
all the proteins used in this work. Hydrophobic sur- 
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faces are generally more likely to change the confor- 
mation of adsorbed proteins than hydrophilic ones, 
as denatured proteins can maximize their interactions 
with the surfaces through hydrophobic interac- 
tions. '',I9 The LTIC surface is relatively hydropho- 
biC1,2,4 there is a fairly high interfacial energy with 
water, manifested by lack of water wettability and by 
the tenacious binding of  protein^.^ The LTIC surface 
can also adsorb proteins via a charge-transfer inter- 
action (forming ~ - u  or T-T complexes with aromatic 
amino acid residues of adsorbed proteins.8r45 This 
type of interaction may enhance the denaturation 
tendency of LTIC, as those residues are often buried 
inside the protein. By the same token, it is under- 
standable why hydrophilic surfaces such as silica do 
not denature proteins as readily as their hydrophobic 
counterparts. 

It is a misconception to think that an "inert" sur- 
face does not exert a strong interaction with proteins. 
When adsorption is driven mainly by hydrophobic 
interactions, the major gain of negative free energy 
change is not directly from the surface-protein inter- 
action, but rather from the entropy increase due to 
dehydration from the hydrophobic surface. l7 Even 
though the surface-protein interaction may be weak, 
the adsorption driving force can be strong because of 
the large gain of entropy upon freeing surface- 
perturbed water. Actually, the hydrophobic interac- 
tion is commonly characterized by a large entropy 
increase and a relatively small enthalpy effect.39 LTIC 
has been considered to be an inactive material be- 
cause of its low heat of protein adsorption (AH).'f9 
However, low AH does not necessarily mean low AG. 
In fact, AH in many protein adsorption systems is 
positive.39 In these cases, adsorption is driven by 
more negative TAS. The AG is predominantly gov- 
erned by the TAS term for the interaction between a 
protein and hydrophobic surfaces such as LTIC.38 In 
conclusion, despite its low adsorption enthalpy, LTIC 
does strongly adsorb proteins, primarily by hydro- 
phobic interactions. 

Dis arity of silica toward HSA and 
BF E denaturation 

It is somewhat surprising to get opposite denatur- 
ation results for HSA and BFG on the silica surface. 
Because of its high surface activity and low solution 
stability,38 fibrinogen probably needs no conforma- 
tional change to bring down the interfacial energy. 
The degree of unfolding depends on the balance be- 
tween the cohesive energy of the proteins and pro- 
tein-surface  interaction^.^^ The folding energy of a 
protein is just one of the factors that determine 
whether the adsorbed protein will be denatured. 

Other important factors include the protein surface 
activity and the nature of interfacial  interaction^.^^ 

CONCLUSIONS 

DSC experiments on adsorbed proteins show that 
the LTIC surface denatures all proteins studied in a 
number of buffers with different pHs: HSA in PBS of 
pH 7.4; BFG in glycine buffer of pH 8.5; LSZ, RNase, 
and CYT in acetate buffer of pH 4.1; and MGB in 
glycine buffer of pH 11.1. From this general trend, we 
suggest that LTIC surfaces tend to denature most 
plasma proteins. We believe that the major driving 
force for protein denaturation is hydrophobic inter- 
actions. The DSC data also show that the colloidal 
silica surface significantly denatures HSA in PBS of 
pH 7.4, but only slightly denatures BFG in glycine 
buffer of pH 8.5. The denaturation ability of silica is 
apparently smaller than that of LTIC, possibly be- 
cause of the lack of hydrophobic interactions. How- 
ever, hydrophobic interactions are not the only driv- 
ing force for protein denaturation, as indicated in the 
silica case. It is worthwhile doing further research on 
this nonhydrophobic denaturation process. Whether 
a surface denatures adsorbed proteins cannot be the 
sole criterion for its blood compatibility, which also 
depends on what proteins are denatured and in what 
sequence. For example, LTIC may first adsorb and 
denature albumin in blood. The adsorbed albumin (a 
bland protein) layer passivates the substrate and pre- 
vents the activation of blood coagulation proteins.' 

The authors thank Sorin Biomedica for providing the 
LTIC sample. This work was supported by the Center for 
Biopolymers at Interfaces, University of Utah. 
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tlpe of charge, or the intemction between them shows no
appaftnt dependence on charge. Such exatnples are fibdn,
ogen and albumid on glassy carbon and platinum ( 16), al_
bumin and ribonuclease on pol,st Tene (8), albumin on
silver iodide and d-Fe?Or (8), fibrinogen on polydimethyl-
sloxane and polyelectrol',te compl€x ( l0), fibrinogen on
germanium ( l2), fibrinog€n on tuercury and plarinum ( 14 ),
and cytochrome c and Ilsozlirne otr pollstyrcne ( lj). A gen,
eral conclusion from these studies is that in sotution of nor_
mal ioric strength, elecrrostatic iDtemctioDs do not Dlav a
major role io prorein adsorplioD (2, 17, l8).

rmpedance m€surem€nt$ are a classical way ofstudying
adsorption of organics oD metal eleclrodes ( 19) and have
been applied to protein adsorptio[ otr melal and carbon
electrod€s ( I , 16, 20-27 ) . The technique can readily record
variatioN ofdouble-layer capacitance, ftom which orc can
acquirc infomation on protcin adsorption kiDetics, su.face
cov€mgq and isotherms_ The pdnciple ofthe mesurement
is shown h FA. l. The solid-liquid interface is represented
as an equivalenl electric circuit composed ofsolutioD resis
laoce ( Rs), in series with double-layer (ajso caled differential
or charging) capacitanc€ (Cd) in paidlel with faradaic (re_
dox) impedance (Zr) (21). The protein solutions us€d in
this work contained no added electroactive speci€s that could
undergo redox reactions in the applied potential mnge. The
contributior to the impedance Fom adventidous trace rcdox
processes, such as the quinone-like oides on LTIC or oxvsen
in solurion, were suppress€d b) applyins a h,eh-frequ;;cy
AC si$al (20). Th€refo.e, Z.is t.eated as infrnity and the
m$sured impedance is approximately equal ro rh€ sum of
the r€al term Rr and fte imaginary term Cd. Cd is deiermined
by the nature of the electrode surface and the elecrrol),t€
solution, including adsorption on the electrode. Adsorb€d
protein mol€cules displace ions and water molecules from
th€ surface, inducing redistdburion ofthe charge and causing
changes in capacitance, usually (but oot always) reducing
Cd ( l, 24,26). It b dimcult, however, to pinpoinr all rie
factors that affecr Cd, mainty due to our limired knowledse
ofthe doublelayer srruciure ( 28 ). According io Lundstrom,
capacrtance yields information on the number of contact
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All nsha ofrpddudioo in any fod lgrnd.

Protein adsorption on low,tempemture isotroDic carbon(LTIC) and on sold elecrrodes $as srudied via ctuoies in ,hei.
double-layer crpacitarce. The surface charg€ of the electrodes
wai.controlled by a DC potenriat. The more negarivety chalged
L I r( ar*"'s adso.b€d more proleim from near neurnl or acidic
solutior,r,-r€ga.dl€ss of rh€ charge on the proteins. Adsorption
pattems did not change wh€n the sotution ionic strenglh was
vari€d. At pH 7.4 the more n€satiyely cbarsed gold adsorbed
the morc positiv€ly charged proteins, Kinetic data indicate that
higher adsorb€d amouors eere accompanied by hisher itriiial
adsorptron mtes. The etecrrosraric ioremcriotr did not appear toplay a sig ficant role in the int€ractions between the proteins
and LTIC. Our hypoth€si! suggests hydrophobic and interfacial
water properties are invotyed in protein adsorprion on LTIC.

TNTRODUCTION

Themle offte surface charBe ofblood_coDractiDg implaDts
on their blood compatibility is still contoversial. Althoush
mosl solids with positive zeh lorenrial are thrombose;c
( I ). the oegative surface porerlial is not aguaraotee o;on_
tbrombogeoiciry ( 2, 3 ). Wbne some higl y Doorllrombogenic
surraces are ne€atively chaige4 such as €ndothelium (4) and
heparin (2), some potent tbrombogenic surfaces are also
rcgatively charged, Iike glass ( 3 ).

We have s)slemadcally sludied protein adsorption onto
low-t€mpemture isotmpic carton (LTIC). Our objeclive *"s
to examine how such a rcpured btood compatible material
rnteracts with proteins. Our studi€s arc bas€d on the belief
thal the nature ofthe adsorbed proteid film evenrually de-
Ierinines how the surfac€ interacrs with blood ( 6 ).

The eff€ct ofsurface charge of polymeF ( 7- 13 ) and metals
( I, I l- I 5 ) on protein ad$rption has becn studied. Th€ data
cannot be satisfadorily exptained by considering only the
overallelectrostatic inter;dion. There are cases wnere a sur_
face adsorbs more proteins that possess the same t\.o€ of
charge. ora surface adsorbs lessprolein that has theo;;osile

' To whon @rcpotrden€ snourd b€ addr*d.
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Z l
FIG. L Princiola ofinpcdaoe n6uEoenrs. Equivalenl cirui aor

!h€ 'mpdlane at a slid-Etd i.lerfaa: R! eturiod Aisanai C4 double_
rays epac 2.e; and Zr, FaEdaic imp€dare.

po'nts of contact area ofprotein and su.face (29). In pin_
ciple, the surface coverage (d) can be estimated from th€
change in Cd, provided that rhe porential of zero charge of
the el€ctrode and rhe surface tension at this potential are
known ( I 9 ) . When rhe rwo parameters are not available, an
empirical equation can be subsrituted as a fusr approxima_
tion (  l9),

C4=Cd,"o.( l  -  0) + Cda-] .0 + (qo=t -  c,-d # ,  U

wbrre C4.0. C4-r. C, o. and 4, I repr€seDr the capacirance
and the surfac€ charges when d = 0 and d : l, respectively.
Since drld t/h not usually known, and Cq_ r is also difrculr
to clefine, a "normalized capacitanc€ change" (NCC) was

cd*o - c4

F€NG AND ANDRADE

where I is rhe adsorption tim€. NCC is dimensronrcss and
can bc considered as a meisure ofthe adsort'€d amount (24,
30), although it is neither d nor any absolute value for surface
concentration ( f).

EXPERIMENTAL

Silicon-alloyed LTIC, manufacrured for artificial hea(
valves, was a gift from Sorin Biomedica (traly). Relevant
data lbr the four proteins studied are lisaed in Table L HSA
and HFG are plasma proteins which play importanr roles
in blood compatibiliry- SOD and t-SZ are simple single do-
main proteins whose struclures are well known. Note the
isoelectric points(p/) for these four p.oreins_ Ar pH 7.4, the
first three are ov€rall negatively char8ed, whil€ llz has a
net positive char:g€. All the proteins werc us€d without tu(her
purification- The chemicals uled for phosphate buffer€d sa-
line (PBS) were all super pure grades: sodium dibasephos-
phate (Ultrix ) from J. T. Baker Chemical (PhiIipsburg, NJ),
sodium hydroxide (Suprapur) and sodium cbloride (Supra-
pur) from EM Science (cibbsrwon, NJ), sodium acetate
and acetic acid (analytical reagents) from Malinckrodr
(Parks, KY), and glycin€ (elechophoreticaly pure) from
Hoefer Scientific lnstruments (San Francisco, CA). Water
for ahe buffen was double distilled iD a quartz distill€r
(He.aeus, Quard"rchmelze, cermany) from predeionized
water. Unless specificaly indicated, all the buffer solutions
coDtain€d 10 mM butrer substarc€s (phosphate, acetate, or
glycine) and 100 mM NaCl.

Electrcdes and the Cell
LTIC workng electrod€s were assembted by forcing LTIC

drsks of 3 mm (diameter) X 2 mm (thickness) into hot Kel-
F(lhe 3M lade name forpolyct orotrifluoroethyl€ne) tubes.
After cooling, the shrunk tub€s hetd rhe disks firmty. The
poslible voids betwe€n the carbon side w"I and the Kel-F
irtrer wall were filled with wax for insulation. A copper wir€
was electrically connecred ro the LTIC disk by carbon paste.

Cdoo

- cd(0) cd
cd(0)

c d ( r = 0 ) - c d ( t
cd(r = 0)

AC
12'lcd(o) '

TABLE I
Fou. Proteins Studied in this work

HSA

98
65 I

ICN Bioncdiels, I*ine, CA

HFC

95'
140
5.8

C.lbiaheo, ti JoUa. CA

t-sz

95
14_3
10.?

Calbicnem., 12 Jolla, CA

soD

15.5

DDI Pham., Mounhin view, CA
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A gold working electrode 3 mm in diamerer was purchasecl
from Bioanallrical Systems (West l-afayctte, IN).

Two electrodes were us€d, which was consloereo accepr_
able because the current involved was roo small ro aFecr the
interfacial srare of the reference electrode ( 2 I ) . Anorher LTIC
disk served as ihe referenc€ elect.ode with a surface area I5
lrmes larger rhan rhat of the working LTIC electrode. Such
a high area ratio helps minimize the uncertainty of th€ ca,pacitanc€ change at the referenc€ etectrode (30). Conven_
nonal reference electrcdes, stardard calomel electrode (SCE )or AglAgCl etectrode, were irtentiona y avoided due ro the
difrculty ofcleaning. Convecrive flow was provided by mas_
netic slirring at 200 rpm. B€fore each adsorption experiment,
the iDterior oft-he cell, togetlrcr with the reference erecrode,
was clean€d by soaking in 96% purc sulfuric acid ( Maltinck
rodt) for 15 min, thoroughty warhing with Mifli-e warr
(Millipore, Bedford, MA), and 6nally rinsing wirh double_
distilled warer_

Inslnment and Operution
Both the working and the referenc€ eleclrodes were con-

nectedto the measuring leads ofa muttifi€quency LCR meter
(HP 4274A)_ The merer imposed an AC voltage with fre-
quency of 1.0 kHz and amptitude of l0 mV across the two
electrodes, measurcd the amplitude and phase angle ofrhe
eDsurng curcnl aDd compuled the corresponding capac!
tance and resistance according to the seri€s model. Data were
collected by a computer at preset tim€ intervals (2 s to I
mrn). AD attached DC offset imposed a DC bias voltage
across the two electrodes.

Prior to each adsorprion measuremenr the working elec_
trode was polished by hand with 0.3 pm atumina slurri€s for
aboul 2 min. rinsed wilh a stream of Milli_O s€ler. sorxcared
rD t$o portrons of Mi l t i -e warer {each lor 5 min),  r insed
wth acetone (EM), and dried in air Caution was raKer rn
every cleaning step ro avoid potenaiat cortamination. The
clean and dry elecarode was imme$ed in l.g0 ml of pure
buffer in the celt. In most ca-ses rhe recorded capacitanc€ of
bare electrodes had some initial decrease and Dceme neafly
consr2nt after 10-20 min. Then 0.20 ml ofa concenrma€d
protern solution was pipetted into the buffer, which was b€ing
sttrred. The change in capacitance vs time was recordecl on
l ine.

XPS Veri,lication

_ X-ray photoetectron spectroscopy (XpS),59508 ESCA
sp€ctrometer (Hewlett-packard), was used as an indepen,
denl mrlhod for deteclion of adsorbed prorern( on I fl(
pl.ales. ProLe'n adsorprion was c?nied oul in a $ay srmilal
to the impedance exp€riment. At the end ofadsorplion the
LTIC pLales were rinsed with pure buner, dried in air, and
crrrcctly mounred iD the slots of the XpS sampte hoider and
covered by gold-plared masks. Analysis conditrons were X_

Iay power 400 W, Iiood gun off, ape(ure closed, and 20
cycles ol narrow scans (20 €V widrh). The elemental raiio
w3s compurcd from the narrow scan C-ls and N_ls spectra
(ll ). PBS residues did nol interfere wirh rhc urcljurcmen!.

RESULTS

Capacihnce CuNes
Clpacitance vs rimeisplotredin Fig.2. Cd(o) is the steady-

state Cd value beforc addirion otprolein. Upon addition of
protein solution, Cd starts decreasing, initially very fast bur
then gmdually slowing down, and tinally nearly levels off
some curves reached steady state in a short iime while others
required longer rhan 40 min. For mosl measurcmen.s lne
normalized incremenal change. (Cd(k + l) _ Cd(t))/
Cd(o), with k being minureq was very smalt,lessthan 0.05%
pe. minute after l5-20 min ofadsorp.ion. Thus 20 min was
choscn as lhe cutoff rime, where the cd was taken as the
steady or plaleau value (Cd( p)). So was NCC( p), orsinply
NCC. Adsorption .ates will be descobed by ihe inirial rale
of NCC. i .e. ,  (d{NCC)/dr),=0.

Isotherms for capacitance change can be constructed by
plotting NCC(P) values against their cor.esponding protein
concentrations. Figure 3 shows such an isotlrcrm for HSA
obtained at 0 mV DC voltage. It ctearly shows that NCC
graduatly increases with protein concentration until reaching
the plaleau, suggesring that the change in Cd rcplrsnls rne
change in surface covemge or surface concentration. The
rsoherm does not feach plateau until high HSA concentra
lions. The radioacdve probe merhod (32) letds a simiiar
sotherm. This type of isotherm is often observed on hydro-
phobic surfaces (30, 3l).

Cotelation ofcharge Densty vs DC Vohage
When imposirg a DC volrage on a conductive electrode,

one alters the charge density on the surface. Charge densiry

PUre Pas add prore,n sotn

cd(o)

o  5 1 0  1 5  2 0  2 5  3 0 3 5
Adso.ption tim6, hjn

FIG. 2- Pr6edur6 ao. proGin aj$rprion and cbansc rn €pacMnce
or an LTIC elcrode with aderprio.line.
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0.25

4.20

0 1 0

0 0 5

0.00

HSA concenrarion, mg/h
FIG- 3. Clplcirane ielhems due ro HSA aderplion on LTIC el-rdes

( q ) of a bare surface as a funcrion of rhe volrase ( U) can be
precisely calculared from fu. t3l if one knows ne apacr_
tance Cda=o and the porential U of zero charg€ (U"=0), as_
suming rhar Cd varies Iinearly wirh U( 16):

a( u\ _ \u uq=o).(cd + cdq=d
?  L J I

In this work only the incremenr of4 (Aq) as a function of
Uc-an br est imaled ds U, o wd< not Inown. 44 rs rought)
2 2.5 mCTcm) for eveD t00 mV. the !ar iar ion ot .harye
deNityiswithin the range frequently used wilh particle sub_
stmtes (9). For the purpose ofcon$dering charge effects, ir
is sufficient to know rhat higher U produces higher 4, and
the variation of4 is roughly proportional to rhai of U. As
for a referenc€, Ua=o for a glassy carbon is +j0 mV vs rhat
ofSCE, i-e., +300 mVvsthar ofnormal hydrogen electrode
in 100 mMPBS ( l6 ) .
(-haryc E[?.$ on fuokin Adsorptnn on LTIC

Figures 4 and 5 are rhc plors of NCCS vs elecrrode poren,
tials in PBS, pH 7.4, ar differenr NaCI concenrrations. The
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0.20

0 . 1 5

0 0 5
600 400 -200 0 2oo 4oo 600

E eclrod€ porenliat, mV
FIG.4. NoftalDcd qpachance chanc. due roadsrption otO.5O ms/

nl USA ($lid)and 00t ms/mt HFC (opcn) on an LTIC el{r.ode from
PBS (pH 7 l) 6 funciio.s of irs potentials Nore thar both prorcins are
negatrvcly char3ed. HSA aderprion ar difie.ent ionic n.ensrhs wnh I O m M
phospharc and lcro h!,l1 NaCI (tna.slcs), l0 m,lr' phospharc and tOO m M
NlCl (cncl6). a.d 4 mMphosphareoniy (squa.es).

^  4 .2
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0 3

0.0

600 -400 .200 0 200 4oo 600
Eleclrode pote.tiat, mV

FIG.5. Normalized capacna..e chanse due io adsorption ofO.t0 ng/
ml LSZ (blid)and 0 10 hg/ml SOD {op€n)on an LTIC eteclrode a tunc
tions ofns polcntiah ftom PBS lpH 7 2) wnh tO mn-l phGohate and lO0
mnr'NaCl (cnch)and l0 mrlNaCt(squa.es) Norerharr5zisposilively
chaqed a.d SOD is negativety ch,rged.

data indicate thar more negativ€ly cha.ged etectrodes adsorb
more protetns, .cgardless of the net charge or sizc of rhe
p.otein, or o[ the ionic strength. For example, a1 pH 7.4
HSA, HFG, and SOD all b€ar negarive charses while LSZ
has a posilive charge. SOD and LSZ are very small proreins
comparedwith HSA and HFG. Yeltheyafl behave similarly
when the porendal is varied_ Such a retatiomhip hotdj wirb
solurions of high ( 100 mM NaCt), intefmediate ( l0 mn.1
NaCl) (Figs.4 and 5), and low(4 rn M NaCt) ionic skengrh
(Fig. 4). The pattem of protein adsorprion on LTIC d€fies
what a simple electrostatic a.gument would suggest, even at
low ionic slrength which enhanccs eleclrosratic xxeRcuons.

Figuie 6 shows thc change in NCCS vs electrode potentiats
rn both acidic ( pH 4.0 ) and basic ( pH 10.5 ) solutions. HSA
has a net posirive charge ar pH 4.0; yer i1s NCC-U relation-
ship is v€ry similar ro that when it is charged negatively at
pH 7.4. Al pH 10.5. wher€ HSA becomes negarive bu. LSZ

6  0 2

e
o=

-600 -400 _200 0 200 4oo 600
E ectrode pote.tiat, mV

F-lG.6. Norfralized opacilana chanse due b adsorption oa 0.50 ng/
ml HSA(cicl6)and0 l0ms/dl LSZ(squa6)froh4idic(pH4.0.aebrc,
opcn) and basi. (pH 10.6. etyci.e, sotid)soLurions (NaCr rOO nM) as
fuhcrionsotele.lrodeporenriats Nole rhar HSA n posni vel y .harged al pH
4.0bur negarively chrBed a{pt{ 106 whitc LSZ is positively chaBcd ar DH
4.0 bur almosr vithoul rhe net ch&ge at pH t0.6

o o

- tE J  I' l r T o
l ^

a
a
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.600 -4oo -200

Et€cl.od6 lotqtial. mV
lIG. 7. Nomaliz€d @pacnane change due to adsorpdon ofo.jo mgl

ml HsA (cial6),0.05 msldl HFc (squa6),and0_to ns/nt Lsz (ri
ansl6) lrom PBS (10 nrn ph6pba1e and IOO nn1 NaCI, pH 7.4) on a
sold .let'.de s aundions ofeldrc<re poreniials. Nole rhal HSA an<l HFG
are nesarively chaqcd bul t-Sz is positivety chlrsed.

is probably wirhout a net charge, the maxima oftheir NCCS
app€ar at U = 0 mV. Increasing either voltage reduced the
NCCS. This adsorption part€m bears a close resemblance to
ihe adsorption ofuncharged organics on metals as a function
of electrcde poteniial and will be discussed later

Charye Efects 04 Protein Adsotption on Gold
Gold is a good comparison or reference for carbon as it

is thrombogenic ( I, 34), has high surface erlergy ( j5 ), and
is hydrophilic (if nor contamidated) (36). As Fig. 7 dem_
onstntes, the interactions t€tween the gold surlace and the
proteins follow that expected from electrostatic inremctions-
i.e., more positively cba Eed surface adsorbs more negarivety
charBed proteini such as HSA and HFG, or vice ve6a, such
as LSZ. For all three proteins the change in NCC on gold is
larger thaD that on LTIC for identical protein coDcenFatons
and buffer cooditions. The ratio ofNCC oD gold vs NCC on
LTIC is 1.3 for HFG and t,7 for HSA, possibly indicating
a hrgher surfac€ coDcentration on gold. This is consistent
with rc resulr by Williams and Williams ( 36 ): HSA surfac€
concentration is 3.9 mg/m, on gold after l-h incubation
compared to 2.0 mg/m2or LTIC after 3-h incubarion (32 )_
Charge Efects o4 Rates of prctein Adsotption

Figure 8 shows the inirial rate of NCC, ( /( NCC ) / d1), =o ,
as a firnction ofrhe porentials on both LTIC and gold elec_
lrodes- Altiough the poinrs arc some\{har scattered, the gen_
eral trend for the change in ( d( NCC )/dt ), =o vs U is consistent
*,rth that in NCC !s U; i.e., on LTIC rhe more nesauvelv
charged surface adsotu6 proteins fasLer iniria y bur on gotd
the morc n€gatively charye surface adsorbs positive proteins
hsier or \.1ce versa. It suggests rhat a high adsorptior mre
(including both transport and rcacrion processes) usualty
results in high surface corc€ntmtion. Ir may be also true rhal
a high surface concentrarion is usua y accompanied by a
high adsorption rate.

200 400 600 -4m -200 200 400 600

{A)

2oo0
r500
10oo

500

0

-600 -400 -2(n 0 2oo 4oo 600
Elecl@de polentiat, mV

FIG. 9- XPS m6trenenls of rhc nitmee. signat from 0.50 ns/nt
HSA a<,sorbed from PBSil0 mMphosphare and too frMNaCl, pH 7.4)
on LTIC surfa@s wnh diffe€nt por€ntials.

.g€o  0 3

d

E
3 o.o9

5 0.07
3

0.05

25@

_ 20@

E 1sm
d 1oo0

0
-600 _400 200 0 200 4oo 600

Potenliat, mV
(B)

FIG. 8. Initiar nl6 ofnomalizcd @pacira.a chaqc {uc o prc€,.
aderpljon from PBS { I0 mM phosphare and 100 mM NaCt, pH ?.4) o
funclions of€lcclode potenfals on LnC (A) and eold (B). p.orein con
entatio.s ( nslnl ): HSA,0.50 (.isl6): HFc, O.O5 (rqu6); SoD, o.5O
( t.ianel6): ald LSZ, 0. t 0 ( diamoh<b ).

XPS as an Independent Test
XPS provided another measure of I as a funclion of th€

charge density ofthe solids. Two LTIC plates were conne.ted
to the DC o$set. Proteins were allowed to adsorb onto the
plates at potentials identical in amplitudes but opposire in
polarities. The I ofHSA adsorbed on these plales measured
by XPS is displayed in Fig. 9. Since clean LTIC and pBS

0 1 1
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have no detectable nitrogen, nilrogen signals ar€ attribut€d
to adsorbed prorein. Indeed the XpS data conlirm thar the
LTIC surface, with more negative charye, adsorbs more HSA.
Adsorption of HFG shows the same trend but the potenrials
of LTIC (1400 mV) have virtually no effects on LSZ ad
sorptron, which is comparable ro the conesponding points
in Fis. 5 (data for HFG and LSZ oor shown) (5).

DISCUSSION

The foregoing results clearly show that under neutrat and
acidic conditions the morc negarively charged LTIC adsorbs
more protein, rcgardless ofthe narure ofthe p.oteins_ Similar
results were obtained wirh glassy carbon and plarinum as
the electrodes by Bemabeu and Caprani ( I 6 ) . They specu-
lated that cations bridged the n€gatively charyed surface and
proteins. We examine several proc€sses rhat may be respon
sible fo. the insignificart fole ofelecrrostatic iolcEcuons rn
prorern aosorprron on L I tu.

F iv e Poss ible Mechani sms
( I ) The dominant inreraction is between the sunac€ ano

a patch or domain on rhe protein ofopposite charge ( 2. I I ) .
(2) Counterions bridge or sc.een (2, 16, l7).
(3) Negative phosphate or other anions may b€ sp€cifi-

cally adsorbe4 compensatiDg the positive charge on LTIC.
(4) Adsoetion ofopposirely charged proteins revemes the

sign ofthe surface charge (3?).
(5) Hydrophobic interactions are so dominanr that elec-

trosiatic interactions are insignificant ( I 3, 38 ) .

Examination of the Validity of tue Fiye Hypotheses
( I ) Charged patches are not responsible because overall

electrostatic intelactions are op€rarive for protein adsorption
on the gold electrode. Elecrrostatic intemctions seem to be
soliddependent mlherthan proteindependent. Besides, if a
surface aends to adsorb proteins whenever they have oppo-
sitely charyed regions, then the posirive LTIC surface should
adsorb more I,SZ and HSA rhrough interactions wilh their
nfgatrve patches even though rhe global proreins are posi
nvely charged (39).

(2) Cation bridging can be discounted because rhe only
dominant €lions are sodium carions, which have very low
screemng activity (40). Chloride anions would have hisher
\creeninBability Theeffed ofcalion bridgng. were ir pres€nr.
woutd have been reduced in a solution with much lower
romc strength (8, l3 )_

(3) The specific anion adsorprion argumenr is inappro,
p.iate because similar adsorption patrems are s€en while us
ing nonphosphate solutions ( data oot shown ) ( 5 ). Compared
wrlh waier molecules, contact-adsorbd ions occupy onty a
small portioo ofa solid surface even under extremely high
potent ials (41).

FENG AND ANDRADE

(4) The cha.ge reversal process cannot explain rhe initial
adiorption rate which do€s not indicate that negative proteins
were adsorbed faster on a more positive LTIC surface before
the char8e reversal happened.

(5) The hydrophobic nature ofLTIC surfaccs (4t), the
lendency of adsorbed proteins to denature (44), and ir.e-
venible adsorplion (32) suggest that rhe hydrophobic inter-
action is the dominant force for protein adsorption on LTIC.
Sp€cilically, the phenomenon of suppress€d eleclrostatic in,
teraction is frequently se€n when proreins are adsorb€d on
hydrophobic surfaces ( 11, 16, 38, 45), where hydrophobic
interactions tend to override electrostatic interactions (46).
Yet this simpte oveniding mechaDism cannot explain why
the negative LTIC surface adsorbs more proieins rhan the
positive carbon surface,

We formulate a tentative hypothesis thal is essentiaily a
modification of the hydrophobic dominance lheory, with
addition of the innu€oce of inrerfacial \ater the imposed
charye on LTIC alers the st dure ofwaler neu the inkdace,
w h a morc ncgatrv?.harye takng thc solvarion wo!?r patw
to dtplace by prcteins- mis means that the water on a more
negatively charged LTIC is less organized so there is less
entropic gain when it is displace4 or that negative LTIC
creates a small gap betwe€n the watea and the surface so
proteins are easier to attach to the surface. In order to be
adsorbe4 proteins have to compere wirh the irterfacful warer
for surface adsorption sites (28, 47). The structure of the
interfacial w"t€r thus grearly afects adsorption ofeither ionic
or nonionic sp€cies (47 ) . Although the higher surface cbarge
deNity makes the water-surface interaction stronget other
I-acto|:s of the watea solveDt, such as reorientation, clustels,
local orderi g and hydrogeD bondiflg, atso modify the in-
teraction (28, 47). Urry believes that there exists a compe-
tition b€tween apolar and polar species for water ofhydration.
Existence ofcharge on a hydrophobic surfac€ can destructure
nearby water molecules involved in hydrophobic hydratior
Subsequently an increase in surface charge decre"ses hydro
phobic interactions (48). That is why the potenrial for a
maximal surface conc€ntration ( Un) of organic adsorprion
is near 4=0 (al, a7). The Cd-U plot looks like Fig. 6 for
protcrn adsorption at pH 10.6. However, U. is no1 usually
equal to U4-o because othe. interactions are also involved,
such as lhos€ due to water structuring ar charged surfaces.
Thus U- is not necessarily equal to Ua=o. On many metai
eleclrodes U- app€ars at more negative potenrials than U4=o
(41). For LTIC, the f U relation may look like rhe one in
Fig. 10. An inferenc€ can be used to explain Fig- 6- When
pH is 10.6, U- probably happens to be at the zero potential
( Uo) of the )c axis. It is equivalent to shifting the curve in
FiB. l0 toward the .ighl unril the Um overlaps U4,0.
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porenrat diferen@ iun - Uq=o), V
FIG. l0- Hypothsis on lhe @lt)on qter intedace ano prolern aderprDn rhe hvporh4irt I U rerauosh,p. rh. ronoroni€t d(Iw il

r  q rh  0  ma)  tc tJ jn  rhF mnsro l rh .  t l l cmr-nr id tqndr ion .  )
l .

which cannot be direcrly explained by rhe simple electrostatic
inleraction. That is probabty why surface charge cannot b€
lh€ sole facror in delermining rhe lhrombogenifly ola blood
conIacunS matenat.
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Abou! the Initial Adsorption Rates
The eleclrostaric Inkraflion. beinB a tong_mnge force,

shoutd reversetheCd_/ dependenceotrhe rnir iatadsorpl ion
rate (Frg 9), a diffusion-controlled process_ However, hy
dropbobrc inremctronr are atso tong range () t) .  The inkr
aclon rorce beMeen l$o mrca surfaces coared wrth p,orein(
shows thar lhe hydrophobic interaction is in rhe range of60
nm while theet€clrosralic inremcuon app€a|sat 75 nm (52).
I jrron p!?1. showed rhar the hrdrophobic force r. oprrative
as far as 25,80 nm ( 51).

CONCLUSIONS

, Impedance me$urements prob€ protein adsorpaion by
detecting^changes in double-layer capaciorce. Surface charge
etrecl.s of LTIC and gold on protein adsorprron arc studied
by rmposrry a DC offser. Ar pH 7 and 4. lhe more negalivety
charyed LTIC adsorbs more proteins of either positive or
n€g:u ive charge. Varialion ofion,c srrenglh ha! no significanl
edecl oD thrs lrend. Al pH 7 lhe chaBed gold \urface adsorbs
more proterns thal bear opposite char8e ro lhe gotd. The
Inrlrar ac'rorplron mre h.t5 d simihr relation with the surfacr
charge as does the surface concettmtion. The elecffostatrc
lnleractron is not of major significarce in the interactions
between fte LTIC surface and the proleins srrdied. We hy_pothesiz€ thar the hydrophobic interaction is srorger than
lhe eleflro\tar'c rntemclion The hydrophobic Inlemclron can
be allered lhrougrh chJnging rhF strucr u re ot interlacral wdler
by the imposition of charge on rhe LTIC surface. The ca_pacrtance change due to p.orein adsorption as a funclron oflhe surlace polenlial shows rhe lmponanlf ol considering
me prccess as a competition bctween proteins and warer for
the solid surface_ The stare of inrerfacial water and rrs inrer
actrons with rhe surface play an integrat role rn pfotetn ad
sorpLron. The eflccr of.urfucc chjrge on pro(ein adsorprion,
espe.rdlly on hvdrophobi. surtJces. is d comptex proce5s,
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Protein adsorption on low temperature
isotropic carbon
III. Isotherms, competitivity, desorption alld exchange of
n u-nar aloufil ln ano nDflnogen

L. Feng and l.D. Andrade
Depa nent al Bioengineeting an.l Depattnent af Matetials science and Engineetinq, 2434 MEB, Unrvetsity .l
Utah, Sak Lake City, UI A4112, USA

In lh  s  paper we consider  the adso.pt ior  o l  a lbumln and f  br lnogen on ow temperat ! re isot ropLc
carbon (LTIC) A subseqLrenl  paper cons ders the adsorpt  on o l  other  p lasna pro le ns IFens L,
Andrade JD, Col/oids ard surraces (in press)1. Carbon lragmeits aid s ca plaies were used as
adsorbents Adsorpt  on was car ied out  by incub.r r .g rhe adsorbenls n so utons o l  r " l  label ledand
un abe ed prote ins (s lngle component  system),  or  w th buf ier  d i l ! ted human plasma (mt t icomponent
syslem) Adsorbed prote ins thef  !nderwent  d isp acemer l  by b l i ier ,  by s ing e prote in so ut ions or  by
d ure p asma. Fesulis show thal ihe LTIC substrate adsorbs a large amo!nt ol prote ns betore
satura l lon,  which may be due to mul l  ayer  adsorpt ior  LT C a lso i t revers b ly  ho ds adsorbed proterns
aga nst  the exchange agents used;  l i l l  e  adsorbed pro le ns can be d splaced even a l ler  a very shor l
adsorpt  on l ime.  There s no pre iereni ia  adsorpl ion lor  e ther  a bum n or  l ibr inogen on LT C l rom lhe r
b inary so ut ions,  s !ggest ing lhat  both prote ins have h gh a l l in  t ies Ior  the sur iace S!ch s l ronq
interacr ons between LTIC and prote ns are nol altr buted to electroslal c interaciions. on lhe other
hand,  pro ie in adsorpt io f  on the s i l ica sur iace ls  se lec l  ve and revers ib le wi th a much h igher  af f  n  ty
ior  i ibr  noqe.  lhan a lb!mi f  and an even h igher  a i i in  ty  lor  some olher  p lasma prote ns.  The e ec l ro-
stat ic  in teract ior  s  thought  10 be the major  iorce responsib e lor  s i l ica pro ie n b nding.  The paper a so
disclsses lhe ellecl oi seq!entia proteln addn on to a solLt on on the surtace concentralion and
suppress on o l  adsorpt ion o i  both prote ins in  the presence o l  other  p asma pro le ns A very importanl
conclus on is  lhat  the LTIC s! r face ls  very ac l  ve towards prote in adsorpt  of .

Keywords: Prctein adsatption, blaad conpatibility. carban, silica, ta.llatsatopes
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Lorv temperature isoiropic carbon (LliCJ, a rcputed
blood coDpatible material, is nainly used as prosthe-
tic h€dt valves. Ii is supposed to strongly intera.t lsiih
ddsorbed prcleins sin.e its sufacc is basicall,v
h-\drophobic and of rclativ€ly hjgh encrgrl a. on the
other hand, some studies indi.ated that the LTIC
surface is iDert and has weak interdctions with
protcins. For example, it has been reportcd l]lat th€
adsorbcd proteins wer," rol .onfornationallt'
changedr, had shofi r€si.len.e tim€ and rv-.rc easih
desorbedr. Does LTIC achicvc its blood compatjbilitt'
\,ia strong or Neak interactions wilh pLasma proteins?
ll the lormer is true, thc surface is probirbl-v passivatcd
bl' t€naciorsly adsorbcd proiein lay€N. Il thc latler
holds the surla.e should bo inbnrsicallt' r.eak or
passive to plasma ploteins. Wc have taken a compr-"-
hcnsive look at this controversial issue in our se es of

corespon.len.e to Dr l.D. Andrade.

Our rvorknrg h,\'pothesis a'as that dtrc t.i its surface
chara.teristics (.oD.tuctive, rclativcl], n.)npolar,
relativel,v high surlace cncrgy and especially relatively
hydrophobic"l, LTIC is bouud to have a slrong
tendeD{rv to adsorb prolcins. rcsL thg iD a strongly
1 r . " 1 .  L  n J  , 1 -  .  u  .  l  T  o r - i n  l " \ " r .  I n .  , r - . i n . s
report $'e showed that thc LTIC surface largelt' alters
the confbrmatioD of adsorbccl protenrs'. In uus pap--1
lve examine other attributcs of LTIC on the adsorptioD
ol hunian scrun albun,h (HSA) and h!man ribdnos-"n
(HFG), lwo nrportani plasma proteins in thc contcxt ol
blood conlpatjbilit_v. some of the issues addrcssccr .fc
adsorption isotherns hom singuld d d muiticompo'
nent solutions, fonrpetitive adsorption lrom HSA/HFG
bnrar], slstems and dilute plasma, desorytion in buffcr
solutions. cxchange bj' proi-"hs, or ex.harCe by surta*
t.xlls. To acco plish these tasks Ne utilizcd thc radioi-
sotopc labelling meihod for detection of adsorbcd
p . o l 6 i n  ,  o  n l  -  l i \ p  " d \ o  p l , u n  d , d  f r c  " : . 1
" ' c _ .  L " o  L .  \ \ p  " r u  u .  d  - 1  "  " .  d  o r n f  r i . o

lionaterials 1994, Vol. l5 N..5
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substrate, since it has a v€ry diflercnt suface ftom
LTIC: it is very polar, hydrophilic, nor-porous, non
corductive aDd of high charge densiry.

EXPERIMENTAL

Matedals
LTIC toagments of 0.2-1.0mm dnd LTIC plates of
10:12mnr were hon So n Bionledica (Saluggia,
Italyl. Befbre adsorption, LTIC plates were polished
and riDsed in accordance with the procedure
published elsewhere". LTIC frdgments were used as
received without turther treaLacnt. DLre to the hrited
supply of plates, most results wcrc obtained on the
hagment sanples. Plate smpllrs were used nainly for
calibration purposes. Bccause of the snnila ties of the
sbudures and the compositions for the unpolished
drd lhe polished carbons, jt is assumcd thar adsorp|jor
resdts ar-" comparable b€tween LTIC hdgnenLs ard
platese. Fused silica microscopc plaies,
2.7 x 7.5:01cm, holn HSCO Product  Co.  were cui
in to 1.2x1.0cnl  p ieces.  They were soaked h a
chomic acid bath at 80'C fbr :lomin and thorougllly
dnsed witn MiIi-Q water (Millipore, Bedford, MA)
and thcn with doublc distilled water pr,"pared with a
qudrtz distiller tHemeus, Quardzschnelze, Ccrmaoyj.
After use, the silica plares {.ere preclemcd in cluomic
icid until the gamma counis retuncd to background
level. The recy.led plates ther undcMert an identical
cleaning procedure to the ncN ones. Pyrex glass
culturc tuhes, nr which thc expcriment took place,
were clean€d in th€ sane way.

Two plasma proteiis were used without turther
purification: HSA (crystallized, pudty s8%) hom ICN
Biomedicals (hvinc, CA) and HFG (crystallized, ss%
clottablel lronr Calbiochen (La lolla, CAl. Citr.rrcd
hunan plasrrra, centriftrged at 40009 for 5min siril
pooled Son 10 nrdividmls, was purchased lrom thc
Blood Bank of Universily Hospibl, llnive$jty of Utah.
Radioisotope "'I rvas purchased ho]lr Amersham
[Arlington Heighrs, lL) in the fofm of sodium iodidc in
dilute NaOH soltrtion lvith a specific activih, of
17mci/mg or 100Drci/ni. Auxiliary chemicals lor
labelling were Cl oramine T hom lastman Kodak
(Ro.hester, NY) dnd sodiun thiosr.rlphate liom Fisher
Scienlific (Fair Lawn, ND. The chenicals used for
phosphate-buflered salhe IPBSI were all super pure
gr1o". :  uJ iu d iod ' " t 'bo.ph" l "  I  |  \ r  $" .  h  ,m I .T.
Baku Chemical {Phillipsburg, Nll. Sodim h},tuoxide
(Srprapurl and sodnm chloride (Suprapurl were tuom
EM Science (Cibbstown, ND. Unless indicat€d, thc
bLdfer applied Nas PBS with 10mM phosphare and
150mM NaCl dissolved in double distilled water. Thc
b u l r p r  r r p a . . ' l \  s u -  h i g r  c n o . g l i  h a  r h p  t H  a  a
lOmg/ml HSA solutian was slightll decreased ro 7.2
honl 7.4 ofth€ pure PBS.

Labelling procedure

Labelling of 1'5t on HSA and HFG folloived the
modified procedure of Tollefsen ef d1.13. Briefly,
:l.smg HSA or 1.0m9 HFG were dissoived tu 1.0m1
PBS. So werc 10.0m9 Chloramine T and 12.0mg

sodium thiosulphate in 2.5n1 PBS in t{'o separate
rubes. Five nicrolitres ofNarzsl sojution were pipetted
inlo the protein solurion. Once 50/i Chlommine T
solution were addcd, the labelling look place right
away. After 60s s0l1l sodilur thiosr. phate solution
was added to tcrminate dre reaction. The rcsultanl
solution Nas puificd b], passing it through a Sephadex
G-25 column {Phdmircia, Piscataway, Nll. Aboul 15 ml
PBS were added to lvash the cohrmn. Three 0.5m1
portions of the highest concentrations of the labelled
protein wexe collecred. 'Ihey were mixed togelher as
the hot proiein sohrtioD. lts concetrtration wrs checked
with a UV spectrometer, dound 1.0mg/ml for HSA
and 0.20mg/ml lbr HFG. The activity was measurcd
with a Beckmar mdioisotope detector (Model 170M).
The calibraiion coetricient tCCl, ..p.m./mg protenr.
rvas calculated by Equotr'on 1i

CC tcounts/mgl : vol (nl).Cb (ms/ml) t1J

where Vol is the \.olume of soluiioo for coulrfirg,
usually 3.0{1, and Cb is rhe bulk conccnbation oI the
protein- The ["i.al sp€cific activities are
2 0 x 107c.p.m./ms ( lonci /mgl  lor  HSA and
1.0 x 1oi c.p.m./mg (50mci^ngl for HF(1, i.e. about
o c "'I residue for every 3000 HSA or 100HFG

olecules. The solurion of the labelled prcieiu was
stoFd in a refiigerator at 2 8"C for tuther use within

Adsorption and elution

Protein sohnions were prepared b]' fhst dissolving ihe
cold protein in PBS and then addine the hot one.
Slight heating Nas needcd to acceleraie dissolutior of
HFG bui thc tcmperature was kept under ao'C. rhe
ratio of the labcllcd to the unlabelled thoi/coldl fbr
eithu singlc protenr soltrtions or spiked dihrte plasma
was in the range of 1:20 to 1140 for tuagnents, and 1:4
to 1:10 for platcs, ds dre lormer has a higher sufa.re
area than thc lattcr. The bulk protein concentratlon
s'as eithcr mcasucd by fry speclroscopy or snnply
calculated tonl the mass of dry pure proteins and the
solulion volume. The activiiy of a Dervl,y preparcd
sohtion was measured each time and irs CC was
calculaled bt, tqrrolion ?. This way the counts to mass
r€lation did rol change with radioisotope d,"cay.

Fitty llrilligrams ofLTIC hagments were r.eighed in a
polypropylene scnliillation tube, or an LTIC or silica
plate was prt ni a Pyrex c lturc tub€. They woe
preweited by 1.0m1 PBS for at leasl 2h before being
niixed s'ith the concenlrat,"d protein solutions. The
tubes whcre adsorytioD was taking place w€rc
incubated at room temperatue rvhilc being lightly
shaken. At the cnd oI adsorption, each platc was taken
out and flushed with a stream of l'BS {or :10s. The
activity was counted wirh the plale on the detecior's
plarfbrm. For the lragmcnt sample, the proteio solution
was rcmoved wirh a pipetie, PBS poured in, thc solid
and iiquid rnixed on a mixer fvortex Genie Mi{er,
Scientitic Product, Evarston, IL), and the washing PBS
rcnoved again. Similar steps of washing and dischar-
ging were repeaied thrce to fiv€ tjnes. Fu ner dnsing
would bring down the couDis no more than 1%. The

Eionarer ia ls :19c4,  vo1.  15  No.5
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solid smple in the tLLbc a.erc counte.l. Thc surrace
concenlJation (m8/m'z) s'ds calculat-"d by tluatio, 2.
tjsuall]' samples in a batch wer-" measured h uut,,.dre
or triplicato.

f \2){counts/nrsl Surlacc area {rn']l

After the initial corurtnr8, th€ solid subsrrarcs N,ore
dispersed urcl nrrnersed in 1.0 1.5m] clutiDg
solutions for ehtion or exchangc. Some studies avoi.l
exposing the prot.in coated fragment surface to air
belor-" eluiion, Lccause the air-proteil or air-s,arer
intcrlirce coukl accidenialh, modit the sratc of the
adsorbed protenr. It tuDed out that this ivas not
reccssary since tliere a,as !o djfTerence h prorein
displaccment rvhether or .oi the tlagments had Lcen
exposed to air before elution.

RXSt]LTS

Adsorption isotherns
Two concerns in exp$iments usnlg labelled pforeins
are iflhe l.Lbelled prolein c.tn be successlully sepa.ared
Fon the labelling agent, e.g. 11st, and ii rhc label
modifies the gendne adsorprion properti,"s oI rhe
pr.)lcin ". One onll measrr-"s the propenies o[ rho
labelled protein bui discusses th," ulrlabclled protent in
generali such generalization should be iusrifiedlo. E\,en
though the labelhrit mcthod $'e LLsc has been rvttl
established, h'e p-"rfbrmccl a siDple tcsr to check rhc
adsorption proferen.elr. Hot and cold protejns !,ere
n  \ " d  ,  i . . "  F r " " t  . .  \ r . i  .  h -  r  l  , i  . . i n  

" r , .  "bahon l'as kepl .ronslart. Co ireptualh, it thc snrface
pr-"ferentialh, adso.bs the labclled protein, rhe highef
ratio of hol to ixrl.i wjll result nr a highcr su.fice
ixrn.entrati.in. or vi.," !,"$a. The results'g lnoi shoNn]
shol' that there is no significa.t differenc. itl suface
ooncentmlions fbr the thrce ratios. Thcriifore. is
probably safe to say that therc js ro prefe.cnrial adsorp
tion of the labelled or unlabclled HSA and HtiC onro
tle Ll lC sufacc LLnder thesc condiiions

Iigure 1 shos.s adsorpiion isotherms oI HSA and
HFC on LTIC fragm-"nts ftom PBS solutioN after ilh
nrcutrat ion.  Thc isothemr of  HSA on pol ishcd Lf tc
plat€s is sn luJ to thar ir1 /.ja,re 1,. ft should be
en\rhasized that the precise surface afoa or the
fiagmcnis (,as rot known. AD estimare rlas obraiDed
br'' divicting the surlace .on.ertration .f HSA .jn rhe
nagnents (mg/gl b! rhar on rhe plarcs (ng/m:) to ger
th," area (n'/Sl of the Sagnents, .rsslming thar ihe
adsorbed amou.ts on botb I-TIC substrat-"s are the
same. For examplc, wheu using 0.10mg/ml HSA
sollltion, th€ surface ooncentration on ilagrnents was
0.05s mg/g and rllat od p-lates was 2.5 mg/rn/. The ratio
ol  0.055:2.5 is  O.Az2On' lE,  s 'h i .h  is  the approximatc
surface area for lhc Sagnents. \'\ic noted that thc
surlace area of fiagmcnts i{.as slighth depenit-"nt on
the prcwetting timer a longer ('ettrng ftnc shows a
margnrally tligher surface area. For n$taDire, the
adsorbed amount ol HSA o. the fiagmcnts p,ewerreo
for :liih is aboui 10% higher than tllar on rhe lragnenls

soru{ion conc€ntGtoi or HFG ms/m
0 . 2  0 4  0 6  0 3

- {
I

a  1  2  3  4  5  5  7  3  I  t 0
Sotuuon coicenrat on ol HSA mg/n

Figurel  Adsorpt  on isotherms o i  HSA, a,  and HFc,  ! ,  on
LT Q iragments afier 3 h incubal on

of 2 h pretr'cttjng, pfobabiy due io slow penetmrion of
Nater nrlo thc irores Because of this un.iert.int] and
Lhat lronr thc su :.e ar,"a cstimation, th. calcr arcd
surlace .oncentration on LTIC tagrncnis .ar bc
bcate.l onlv as semi quantitative values.

Obserlations lioDr th," isothems are:

l. Thc isothe|nrs for both protcins do nor rea.h
plateau until high bulk con.enrrarioDs are usco:
about  J .Otr ig /n l  tor  HSA and 1.0urs/ml  tbr  HFC.
The .esuli LJr HSA is in c.)xcert with thar Fom rhe
ir pcdan.e neasuremeDtb, lrhcre LTICT piaros s,ere

2 Th! su.face conccntratiorls arc higir at ihe plareaus
fo i  both prote ins:  5.8Drg/m' :  for  l tSA and 2 i lmg/
m'  lor  111,( ; .

ll. The surla.-. .orcentration of HFC is atnrur rs,o ro
fie tincs hjgher than that of HSA for rhe sanc
h!lk conixrntration solutions. Thc rario of srlrtaii-"
.onc,"nt rat ion of  HSA to l11,c is  0.18 at  1.0mg/n ,
{ roDrparablo to th-"  rar io  o l  {1.24 ar  1.0!16/u!  on
ul t .a  low tcmperatue isotropic  carbonr6,  rvh ich
has a vcry s iml tar  sur fa.e stmcture b L l tU10.

Tdt te I  l is ts  HSA adsorpi ion.esul rs  f r . )D undj tuted
plasma and nom con{reDn.ated HSA sohrrion. With a
u n  u ,  l i n r '  r 0  r t  r . . p , r  \  a . r ' p \  t . i u n , . 6

r i o  u l  I S \  t , . . .  r A . . r t n ' p i n n  t . t i n .
]s 23 mg/m'. ,\t such a hish frolein con.entraiion, the
solut ion p l i  has bcd,me 6.1 i is tcad of  7.4.  HSA.an
adsorL nrore whcn the sohLtion plt is c]tiscf ro s pI
tpH 4.rJ ". Nelertheless, the rcsuh ildicares rhar on
I T T .  L , .  . , , . , o  p n t  ,  :  . , " n  t - , . F r .  . t s . t . " F
later discussion). Thc su a.e c.rnccntrarion ot HSA is
still around 7mglm: fionl m.tiluted ptasma [pH 7.a).
This is a r.ery hish surface .oncontration, bcLause ,row
thc adsor ion of IJ:jA is competed by oiher plasnla
proteins, somr of s'hich have very ligh surfacc
actnities. such as HFG. The topics oI ixrmpetitilc
adsorpiion and proteh cxchange $'ill be .tisc[sscd

Multistep adsorytian
lv-" designccl this s-"1 of expedments to cxamine inhibi-
tion -"ffects of earlier adsorb-"d prcieins (preadsoLptionl
on Iater adso.b,"d ones (postadsorDtio l. lh-" adsor-
benis wcre first incubared in a sol;tnrn of unlabclted

.E
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T .b !€ 1  Sur laceconcent ra tonothumanserumabumin(F lsA)on ow tempera t ! re  i so l rop lc  carbon f ragmenls  f rom und iu led  p lasma and

concen l fa ted  HSA so lu ton

(%)

3

3
1 3

6 5 r 0 1 31.5
75.2
T 2 7

Droteins for a certain amount of rnne and Lhen a
iolution of labelled proteins was addcd for postadsorp-
tion. Surface concentrations wer€ ncasur'"d at difier

" n  ,  r ,  i u  " r \ .  .  r i€u l - s  1 J l o  I  J  J $  ' .  p o l ^ . ' o n
of HSA and HIrc adsorptio , respectiv-aly. try prc
adsorpLion of HSA. F€ure '1 illusbales th-"s. rcsults
and prr"sents tentati\.e cxplanations. It:t I'iEute 2a rhe
Lurh6elled HSA was lirst adsorbed on LIIC hagmcnts.
After 2h, the labelled HSA rvas addcd. obviouslv,
!o"r"d-  or io |  s"r  g-Pa l \  .  ,pre '  rJ  , r  'h '  or"
. i o u . l \  .  J ' o _ o p .  l s A  o r .  r ' f l a  J '  l _ p  , r ' t l  F  '  o  F n
tatiori lirr 60nriD postadso.ption is reduced b! dliout
7 - 9  - h "  

I e r ' .  t r g "  r - . l u '  I  o n  : -  P \ '  n  h i : h P  $ h P
r t r "  r . o . r i , , , i r ' . ,  i u n  i i '  "  t ' "  t - .  \ o "  

"  
h ,  H i \

concertation for preadsorptjoD was jusi 0 10m3/ml. a
mther dilurc one. lhc above observaiion nxlrcates that
thc postadsolbe.l 1{SA canDot rcpla.e thc Pr-"adsorbed
HSA, so it oDh fills some loids or sta]'s on top of the
pr-"adsoibed proleir (l'igu/e aol On siljca tF€ure 2b),

60

Posl ncubat on trme, mLn

b
Fioure2 Su/ace o_ posladco beo HSA
, o i o  m o  r  ' .  o r  I  l l c  I ' j q n e  r "  a .  . _ a  o 4  s  d  b  w  1 1  '
. n c  w ;  o u ( .  , 2 h p e a o s o  p ' o - o l 0  0 r g n  H S A

althoush th€ preddsorption still reduces th€ postad
sorptio,"rr, its eilict is nuch loNer rhJn thai on LTIC,
onlv a 23% der:rcase at a .oncentration of 0 10mg/ri,
i  d l  , .  r  p o *  |  i r ' c o m p r e  e  c  \ '  r a s F  n r  |  4
-e.d."  or :o i .  D o l ' ; , '  P\  l rdrg '  l f tg"rF a l l  r '
,  i r l J  t  "  p " ' r  i u . o r h " d  p r o r P i r ,  $ d \  |  f C  l r r l  h e
, . - " . - , o r U e "  o  r '  1 , '  H s A .  I n  $ r i . ' a "  0 l 0 n r B
ml usa preadsorption can orlr reduce posladsorbcd
HFG b! a6% o; LTIC. Prea.lsorption of a higher
concentration of HSA, 1.0ng/ml, caD bring tlr€ sudace
HFG level down b,\' 80%. l'his suggests that much of
the HFC can stay on top of ihe preadsorbed HSA
(Fsxre.1d). At thc high€r concentration, preadsorbed
HSA probabh results in feNer voids ard mal' be HSA
r . -  i  , \ " '  a o . u r t r i n r .  " n  |  |  r .  n d " ,  l r ' g \ e r  - t t n p t  s -
. o . ,  , " p . r  ' : r t  r / ; J n  i c ^  O  ' i . i ,  '  L l _ P : r ' l u ' n - "  o

1 2

"t
b 8
E

! 4s
2

; 8
E
O 6

b 4
2

1 0

20 30 40

Posi.cubal on ILme m n

1 0

20 30 40

Posl inc lbal io .  tme mn

50

b
Fioure3 Surlace concentratons oi posiadsorbed HFG
, o : r o m o  m l  o n  -  c  l r a o n e r ' - ,  a ,  a n d . r '  "  p l ' p s  b .  * i 5
a.d ,  ;or .2f  oremorpro o '  -SA I  No p"adso-ol io  r :
a  o  0 - o  r l  r S A  p : e d o . o r p l o :    o n g r l  r S A

1 2

0.6

;  0.4
E

0.0
50302a
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Figure4 Schematic represeniations at Figures 2 and 3.
The lh ckness of adsorbed proteins shows on y the re alive
amounl  wi lh  no impl icat ion of  s t ructure of  pro le ln ayers.
Column: l, withoui preadsorplioni 2, with preadsorptionj 3,
cadoon graphics oJ 2. a lot Figure 2a, blor Figure 2b, clar
Figure 3a wirh 0.10mg/m HSA precoaling, d lot Figure 3a
with ].oms/ml HSA precoating and e ior Frgure 3b. N,
carbon substralei E, silica subslraie; D Ln abelled HsA;
E, abe ed HSAI ffi, labelled HFG.

preadsorytion is very smalli cven :l.0mg/ml HSA
preadsorytion merely rcduccs subsequent adsorhed
HFG by 27%. Noiice thai HFG results in much higher
surface concenbation on silica than HSA (F€ure ae),
implying very different aiTinilies of these two proteins
for the substrate. Significant protein exchange is
expected due to weak adsolption ofHSA on silica.

F€ure 5 shows th€ results of HSA adsorption on
LTIC fiagments liom single siep and muliistep protein
addition- In rhe fomer case, LTIC was incubated in
HSA solutions of 0.02, o.o7 and 0.20m9/m1, respec-
tively, for 60min and the surface concentrarions werc
measured. In thc later cases, the adsorption first took
place in the soluiion of (1.02 mg/ml for 5 or 60min. For
the two-step adsorption, the adsorbeni was incubaied
in the solulion of 0.07m9/ml for anoiher 60min. For
the lhree-step adsorytion, tire LTIC toagmenis
underwent a third incubation in 0.20mg/ml HSA. As
indicated in Figure 5, the surface comenbations are
very simil€r for all cases, regardless of how many steps
ofadsorption $'erc used, so long as the solution conccn-
tration for the lasi adsorption is the samc.

Compelilive adsorption of HSA and HFG
Figures 6 and 7 show that the presence of orher pLasma
proteins suppresses thb adsorytion of HSA and HFG to
different extents on either LTIC or silica substmtes. In
both single protein and diluted plasma solutions, th,"
protehs of interest were adjusted to certain conc-"ntra
tions, as indicated along the x-axes, and the plasna
was diluted accordingly. For instance, since the
approximate conrjenbation of HSA jn plasma is aomg/

HSA solution concentration, mg/ml
Figure5 Sinqle siep ve.sus multislep adsorplion of HSA
on LTIC fragrnenis. D, One step (adsorption time 60min)i
N,  two s leps (5 and 60m n) i  Z,  two steps (60 and 60min) i
t r ,  th .ee steps (5,  5 and 60min) j  E,  three steps (5,60 and
60min) ;  I ,  three steps (60,60 and 60 min)

ml, plasna was diluted by PBS to 1:400 to get 0.10mg/
ml of HSA. tsy tne same token, plasma was diluted to
1:30 for HFG to achieve the same concentration,

0 0 5  0 1 0 0.15
Solutlon concenrration ol HSA, mg/ml

a

0.00 0 0 5 0 . 1 0 0 . 1 5 0.24

E

Soluion concentralon ol HFG, mg/m
b
Flgure6 Adsorption sotherms oi HSA, a, and HFG, b, on
LT C rragments l rom s ing e pro ie in solut ions,  a,  and l rom
di luted p lasma L

Biomabnals 19s4, Vol 15 No. 5



324 Protein adsorption on carban: L. Feng and J.D. Andraee

35

4.1 0.2 0.3 0 4
HSA so ution conc€nlration mg/ml

already adsor.bed proteilrs. Our resdrs fiom rwo
dimensional gel elccbophoresis tulther showed rhcse
differcDt adsorptifites of HSA and HFGrr.

The srppr-"ssed adsorption ofHSA and HFG is much
more significant on sili.a. Thc su ace colcentrariotrs
fbr both proteins become ver! low in th€ pre$etrcc or
other plasma proteins. Neiihor HSA nor HFG can
compele End adsorb on silica. Notice tha, ar roiver
total proiein concentation, the supprcssion of HFG is
nol so g.eat as that at *rc higher concentrarion, er.en
I ' o . e h  $ "  , r o r ,  i n  r a  i o  i .  n o r  ,  h r  8 , . d  \ p d r ,  i d F - . i
'  1 l  ,  u  \ . ,  s F r e  ' f n r  p L l  L t  \ V o  c i F c  o $ . k r  . I  J , .  o n
glass altcr s min of adsorytionDr they atrdbuied this to
the Vroman effect, in $.hich up to a cerlaxr prorern
concentaiion little lateral interaction takes place, bui
beyond ihe thrcshold concenrrarion, surface ,;rorvding,
\ p p i r .  n  1 1 "  , l p ,  . o  h d  I  t C  -  " p t o  r  J i . 1 t a ,  i
r n n  r l r . . \ . 1 o , p .  t ' - r p  d , .  s o  l l r , . r n d , i ! p  F \ p l " I "
trons: at low concentration rhe anouni of proteiDs Lhat
. " , r  d : . . t . , , F  r o . n  l "  l  q t c  p g  h E L , n o t F ; . t d  t r - : g h
I  r i n o B " n  I ' \ , f \ \  K .  .  1 , ' n . . ; 1 r  I  p l . . r ,  I  r d  t r i g h
density lipoproteins GIDLIll $, s not sufficient to
displa.-" all adsorbed Hlci aDd at low conccnrration
nlaDy surtace sit-"s are availabl€ Ior all protcins, so
rncrcasrng concentratioo in.reases IltU occuDancv,
but high coD.entratioD promotes compedrnily,0.'1o make the nrterprctatlon sinpleL, a binarv si,stem
was prepared b\, 'rlixing unlabclled HFG s,irh tabeltcd
HSA at .liffercnt ratios for one set of solurions, and
nnlabelled HSA lvith labclled HFG for anorher. Adsorp
troD lvas measuod on LTIC and silica substmres. The
rcsults are shoi{n in F4ur.8. Both (a) and tbl usc rbe
rreight composiiion of HFG iD rhe prot€in mixlurcs as
th€ abscissa. In FigDrc 8a, th€ HSA concentratiol vas
kept at 0.l0mg/ml and the amounr oI HFG was varied
lo_ achieve the ratio vahr,"s, e.g. HFG is o.oosmg/ml
, ) " "  H f C  l H . .  H \ \ t  i . 0 0 , " - t 0 . 4 0 n 8  |  \ \ b , . n

I r  I ; t r "  a L .  t r "  , o r . r "  t  : -  l f C
conirentration t0.10mg/mll and rhe variant is HSA
c.'ncentraiion. €.9. HSA is 0.70mg/nl n+en HFG/
( l l lG+HSAI is  0.125 and is  o.o2sng/ml  when the
ratjo is 0.80. l herefore, the roral protein concenuanons
of Ill'c+HSA vary alons the r-ares. Thev ar," not
. , , r d  l \  " . t ' , " 1  l o  1  g i r ,  n  ,  n , r . r o , i r  n  i n  /  J r u , .  d d  a  L

t i * .p  q,  f l t  h"  uro ,1 ; .  $"  Lo n; t i -_ ,1 , iSA
surla.re conccntralion is used in lrgu.-" 80 and the
normalized HFG surfacc concenrration is us,"d ir
F€ur-" 8b. The normalized sufa.," conccntmtion is
defined as the ratio of the adsorbed anlomt hom i}le
binary nixlurc to that hom the single prot€h solurior.
For example, on LTIC the surfacc concenbatioD is
2.4mg/mr for the single compoient solution of
0.10ll1g/ml HSA and is 1.amg/m, for the binary
sohriion of IIFG/(H|G + HSAI - 0.50. wirh rtre HSA
. . n l  . l  o r  ,  n n ^ " n r - d  o -  .  i l l  L .  I  0  t 0 n  g  r t  1 , ,

n | T r | ' /  d . . | |  t r , "  o r , p  r r  i u n  -  h  o J s  t r o r l
th€ practical ponrt ol view. aig,re 8d and b complc-
n€nt each other, both revealing rh," follorving facts:

:1. (ln LTIC the surface concentratiors for bot}l
prot€ins are proportional to thcir conpositions in
the ll1ixtures, but not on a one on-onc basis,
suggesting the absence of preferential adsorptioD
on LTIC, as discussod betbre.

30

tr  15
6  t 0

5

o.00 0.05 0 1 0 0 1 5 0.20
HFG solulion concenrraton, mg/m

b
FigureT Adso,pr ion iso.-e r  .  o l  -SA.  a.  ano H.c.  b.  o-( i  d  p latF(  l ro  |  .  nq le \o l . r  o-s dr  d aon or tLreo

assuming that HI:c in piasma is about 3mg/mt]5. From
F€ure 6, at thc IISA conc-"ntration of 0.20lng/mt in
both the dilLLtcd plasma and sinsle HSA solurioir, tI-"
surface concentration oI HSA is 1.6nq/nr, h.om the
diluted plasmd, i(.hile it is:l.0lng/lll':fron ttre snrgle
HSA solution. So, nr the prescnce of orher plasma
prot€iN, the adsorbcd HSA is 559t of thar in rhe
' b s F  "  o  & " a .  H l - L . r  r : i " , ,  t o  h p . , r . . "  o , , p " r i

son. The mass of HSA is a litle morc than 50% of rhe
r . r d l  i d . s  o l  u  d . , ' a  ! r o ,  n ! .  h h i i , .  H t  I ,  i .  n o  r u  "than 4%. It is vcry int,"resting to rloic rhar 55% ol the
Dormalized surfaire concentralion for HSA rs arnosr
thc same as Go s0% ratio of HSA yersds roral plasnra
lrot€ins. This implies that the LTIC surface adsorbs
p r o l  s l o n  d j  p  u . p r , o | | p r . i
tions, aDd also suggeFts that muliilavcr adsorlruon or
HSA trom dilute plasma is neslisilrle. Therefbre, ar
l€ast for thc first layer of adsorbcd pmteiDs on L']'lC,
there is no preferential adsorption. This Dhenom€non
will be turther discusscd later. Ii is also informative to
conparc 3s% of ihe normalized su lce concenbarion
fbr HFG md 3% of HFG h total plasna protcins. fhe
sudace concentration of HFG is srill verv high, even
though a total protein coDcentration 25 times greater is
.ompefirg for the adsorytion. Since HFG c:lnnor
successfdly corrPete with HSA for direcr surnce sries
on LTIC (shown later), wo suggesi that the dispropor-
rional surface concentration of HFG is because HFG
adsorbs in mulrilayers, presunabty on sufaccs of
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5 s z

< . a 0

b 6 0

3 4 0
E 2 0

-< 94

;. e0

100

o.2 0 4  0 . 6

HFG/(HFG+HSA), mg/mg

100

a 2  0 . 4  0 . 6  O 8  I  O
HFG/(HFG+HSA), m9/ms

b
Fig l re  8  Bat ros-  o  .L -d  -  .o .ce l t r " - io r -  o r  rSA.  a ,  . .o

"SA Hcc  br ra  !  -ys le  I  s  ,p r .  Ls  tFo .a  t rom
t l l C ' r a g r F  r s  a  I  d r d , .  _ a

d F .  lL  1c .b . t ron  a .  O.  Ono mt  dSA b ,0 l 0 m q / m l  H F G

2. Silica is ov,"rwhelmingty occupied bv t{FG unless
its conposition is beton 10%. TLis result is
simiLar to Fensrermaker's,]. This cleartv shows the
preteren.e ofHFG over HSA on sitica.

Reve$ibility of adsorption
Rev€rsibni[' of adsorprior is dcscribed here oy uree
l " r n  r :  F l u t .  b i  i t . . . F \ ,  .  n . , . , h i t  . r  .  n d  r  . p . " ,  e a o i t  IT l , '  f i r . r  , F  m  . . l p t ,  - r  a "  h o u  n u c ,  r , r n p i r , . a n  u e
r'!,ashed off or disptac€d fron a surface iv pBS in tt,"
abs re of added proreins. The second ii row mucn
adsorbed .protcin can tje disptac-"d or €xchanged by
pmteins in solurior, !{,hich cm be HSA, HFG o;
plasma solutions The third siar.ts for the percentage
oJ lrot.ins that aJ€ rlisplaccd {rom a sufirce ofter
eluron or excharlge. A va.iety of soturions were used
o  s t r d r  . p \ " s : b  l i t j  " n d  t r " )  , :  |  ; n t .  r .  . e e

. ,  r 6 8 n r . r F ! :  d ' ; l u  o  " l  q  . r i u n  ,  t ,  e . ,  o n ,sr  g |  d rn,  \ ,  hdng- aE" .  q l  d i .p l r .  pr .  ,p ,  t6 in-  .  I

As -F€ure 9 shows, very tilrte disptacement of borh
proteins takes placc oD LTIC after 2;r 18h xrLuoauon
in puft PBS, HSA, HFG or dituted piasmaj hoth
elutabiiity and exchangeabilitv are less than1o7o. tessr l r " n , r n  i n  o t r J . o r p L i n n  i ,  I n n S , .  o u S r  n . u I .  -  r t ). r " h  l i l .  t h p  " d . o r b . d  L  o  " : n .  ,  h i c  t h - 1 0 , n  _ o  I  h a

100

20 30 40

JO0

100

0 1 0 2 0 3 0 4 0 5 0 6 0
posladsorpl or lme m n

Figure_10 U. .d, .^otaceo oreddsorbed.  l .  a .  a ro po.rao-s o D - d  L l  A - H S A / 0  l 0 T q r - t  L o i  L T | C w i l h O 2 0 l g . r- > A . o r u l ' o n  E . c r d n o -  l m e .  a  A .  " ,  l ,  C  t 6 , .  
-

u 1 0 2 0 3 0 4 0 5 0 6 0
aosorptron lime, m n

b
F i g u r e g  U . o . o ' a c e d  - F G .  a ,  d r d  H S A  b ,  . - o 1  |  C
l , : i : , :  l :  *_: '  "  . . . .  "1r , .  

.  .orc.o i t r  |  n . .  doso,p.  o.s o u L r o n .  u .  0 . . q  m t  o  _ s A  o ,  H E G  a . d  . , c n a r 9 e. o r - 1 o  s  a , _ 0 . - 0 T o  n r  H - G  I  a n o  O 6 0 "  o . s r d ,  a ,  r ; -
1..n j]"i i l .o.o . a, d o 20me rr -sa. o. o. ror 2h.

also be€n irdjcated h ?oble l, wlrere eiutability of
adsorbed HSA liol]t 3 or 1eh incubation is simitar.
Postadsorbed proreins, how-"ver, need more tine to
str-anglh-on the adsorption. As shown in Figlrle 10,
e'hen posladsorption ivas sbo{cr than 10nin, displa-
cenent of HSA is relati!,eh. signific.mt, in cuDoasr ro
Lh€ preadsorb€d value. For nrstance. after 2h
exchange, the undispiaced HSA is 61 and 72% when
postadsorption time is 2 and 5 min, .esp€ctiveh,. After
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ton c strenqth. Mo ar ot NaCl

Figureil Efiecis ol ionic strenqrh on elution of HSA, 6, and
HFG, b, from LTIC lragrnents alrer 3h adsorption. !,
0 .02mg/ml  prote in concentra l ion,  2h etut jon i ime;  N,q  ! 9 m q h l .  / n i  m .  1 . o o m 9 ' n l .  z 1 :  =  o . o 2 n s  n t  ' t i .  a ,
0 . 1 0 m 9 h 1 ,  1 7 h i  I  1 0 0 m g / m t  1 7 h .

l 0 m  n  l h e  m d i . o l a , . d b i r i  v  i s  L i g h e r  d r r  q n o .  . h i s
" h o M s  t l i l  h e . r a h i l i z " L i o -  o t  H S A  n 1  r o p  o ,  i n  ! o i d .
o  a  p r o l p  r a r a d  s u r t a , "  L d l p s  l o o g e ' I n a  o n  ,  b a r .

One way of increasing the buffer elutability is to
increasc its ionic strength to miDimize the electrostatic
interaction beiween adsorhed prot€ins dnd the
sufacer. Frgufe 1r shows the elurabihy of HSA and
HIG fiom LTIC at thJce ionic sheDgths. Higher ionic
stuength appdently has no effect, ever when ihe
incubation time is as long as 1Zh. ThiF resutt turther
elimhates any major role played by eiecrrostatic
interactions between the LTIC surface and the
adsorbed proteinsl. Protehs on LTIC 8re so difficutt ro
remove that even 2% sodium dodecyl sulphate only
elutes 18% of adsorbed HSA after 16-h incubarron. A
significant portion of adsorbed HSA can be exchanged
if the surface is incubated iIr a lajrty concenbarcd
protein Eolution for prolonged rimes,,. Thc displaced
HSA is as high as 30% when the exchanging soluiion
is 1:10 diluted plasma (about smg/ni iolat protehs)
over  d 'n ,  ubar :o-  imp ot  t00b".  At lnoUgb Lr i .  tud)
nol  .epm \ery h ish.  30" :  is  thc h qnF.r  ra nt  a!e,
achieved on LTIC in ns work. However, we must be
awsre that in addition to prorein exctrarge, aDother
possib l "  '  oD.eauen.e o"  lo-g ,pr"o in ,  ubaLio;  sproreo-
l \L j '  JeBr"ddr :o.  a adso'hed p ot"  " .  In"r  !  o longpo
:n,  u!a :on maJ -" r "  oroueh d;our  .  io ,  Ure rd.orbe. l
prolein could bc sbipped from the surface by chenical
rather thar solely physical mechanisms.

In contrast to the case of LTIC su'ushates, Drolerns arc
rcadily eluted or exchmsed ftom sihc; surfaces.
r  sual lv .  dDoLr 5n o o.  ad5orc, .d Drote in . "n bF
di \n lac"o - i  hFr  bJ pu"p PBS or  prorc io s" t ' r r ron.  m a
matter oI a few hous. Fr'gdre 9l1 demoDstrates that
either dilute plasma or solution HFG can effectivety
dispiace adsorbed HFG toom silica in only z[.
A '  l u d l l J .  p L ' e  P B s  i \  e q  d . \  " f l p c , i v F  : r r  a n  - l u p n r .
lhe "  -1"1.  111r  o.pcnd.  on ddso.pt ion t in  F,  " \expected. less time resulis irl higher etition. Frgure 12
shos.  I }u $"  HfG "dsoropd a i ler  HSA pre,oat ing -
o - o r e  d i f l i ,  u l r  t o  e l J r F .  T h i s  p , o r  l o o k \  t i k ;  "  T i r o r  o l
,Figurc 4b, suggesting that the HFG that has displaced
HSA may be harder to elute. Frsure li Ehows rhe
exchaDge of adso$ed HSA with s;lution HSA as rhe
exchanging agent. Two facts are worth mticing: ulike

0 r 0 2 0 3 0 4 0 5 0 6 0
tncubaton time, min

Figurel2 Disptacement ot HFG lrom sitica ptates atter 2he u l ion wi th PBS as iunct ions of  adsorpt ion t ime and 2hpreadsorpt ion o i  HSA. I ,  No preadsorpi ionj  a,  O.10rng/ml
HSA preadsorpt  on;  l ,  1 .OO mg/mt HSA preadsorpt ion.

HIC, postadsorbed HSA is easier ro ehrte, ano me
p e r '  - n l " g F  o I  p \ , h  t s p d  H s A  i s  ' . o m p u " h  e  r o  g d t  o l
H f C .  d l l h o  r g b  F s A  s  . o . o t r r . p  s u "  a c "  c J - ,  e n b a  ; o r  i s
much lower tlan that ofHFG. It was atso obseNed that
moderate hcreases in ionic strengrh of etueni pBS
enhanced pmtein elrlability io some extenr iF€u.e

6o

Posradsoption tim€, min

Figurels  Displacement  oJ postadsorbed HSA t rom s i t icaplates ( incubaton 2h,  a,  O,  and 16h,  t ,  ! ,  by O.2Oms/ml
HSA as a iuncton o i  adsorpl ion t ime wi th a,  l ,  and
witho!t, O D, preadsorption oi 0.10 mg/m HSA.

9 4 5

.A 35

- a 0

= 6 0

a
5 2 0

0

.<

.g ^^

s 8 0

i 6 0

q 4 0
..!2
. t ^

0

25

1 0 0

0 . 1 5  1  5
lonic strength, Ivotar oi NaCl

Figuel4 Efiects oi ion c slrengih on HSA disptaceabitity
t o T  s  c a  p d l e s  l . 0 . l 0 n o / T  a o s o , o l o ,
2 h - e u l l o n r m e :  D  1 . 0 0 m g n t . 2 t - :  =  A l 1 n g n t  1 7 1 : % ,1 . 0 0 m q / m ,  1 7  h .
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11). This ,"fie.t strgg€sts ihat eleclrostatic interictioos
play a significant rolc in prot€in adsorption on sili.a1.
A very high NdCl concerlration lo$'€rs the elLrtability,
a consequcnce oI salting out, i.e. too high a salt concen
tralion results h precipitation ofpmteins in soluiion.

DISCUSSION

Monolayer or mullilayer adsorption
Although prot€hs often adsorb as monolayers'?l,
multilayer adsoTtion is nor urco mon, especially
lvhen the solutior concenbati.)n is hish". Th€ su.facc
concentralion .onespon.iing to a monolayer va es an.l
is dependent on th€ protcin, ils nolecular onentatron
ond confoDnational siate, and lhe t-vpe of substrate.
Thc dreoretical monolayer ixrveragc lbr HSA is 2.5 mg/
nl 'z for  s ide on o entat ion md 8.2ng/rn ' : for  €rd-on
o enlation'?2. Thc lalu€s tor HFG are 2.0 md 18ng/
m'], respectiveltr. Thus, if judSed odt b) th,"
isoth€rms, alnost all th€ det-"cted surface concenlra
dons nr F]gu-re / r'ill fall into thc rnonolayer range.
Ncvcr&eless, multila,l'er adsoryrior caDrot he mled
out bascd on th€ following fircts:

1. A monolayer is usuall! achieved s'ith a solution ot
0.05 0.15 mg/ml proteins'", s'ith a su irce .orcen
bation around 2.oDrg/tn2. For instance, for HSA it
is 1.7 on polv€thrl€n€, silicone Nbber, polyvinyl
chlorlde and polyethcr ruethane" 'z5, z.l or pur,vvr
nr'l chlorirlei', ind o.amg/m' on pol1s4rele".
Lrcid,"ntally, th-"rc is an inllection bett'een the
concentrations of 0.5 and 1.0mg/n at the surface
concentration around 2.5ng/m', in agreenent
n'ith most moDolayer values. The nonolayet
dnount for bovine fib nogen is 1a on !-oly€ther
urethane-nylon,  12 on polyv iny l  a lcohol ' " ,4 .2 oD
polt'ethylenc ard pohvin]'l chlodd€'", aDd ll 0 o
po11'n-+hyl mcthacrylate-based polymers"

2  1 " . a ' 8 " " n  .  r . , l , o p , : o .  I n s n
ile solutjoi of a0mg/ml HSA is sur€lt' b-"t'ond the
monolayer range.

il. Satlration (plateaul valucs do not necessarilt'
inclicate monolat'er cov€ragei it could hc a h.rnr
ol2 .r more abor.e or belorv'".

a. with a powertul elucnt, the elution of adsorbed
HSA hom higher conccnbation solutions is larger
than that hom thc lou'er ones idata not shown)'
One explanation is that the adsorbed proteins i
the outer la,vers arc easicr to remove.

h multicomponent s,lstems, more dlan one layer
adsorptloD seerns to be mor-" promnlent. esp€cially for
HFG. The suppo ing facts J]cl

1. Even though LTIC has b,"en likcl! eniirely covered
by HSA tool1l its 1.{lng/ml sol tion, the postad-
sorEtion of HFG fron its {).10nlg/m1 solution is
stili imprcssi\,e, 2.3n1g/ln'? alter 60nhpostadsorp
tion (Figare 3a). Since displa.enient of adsorbed
HSA cdjl b€ neglected, mosr adsorbed HFG has to
bc on top of the HSA layer.

2. lvhen its concentration is 0.10mg/ml jI the dilurcd
l  l d . m a  I n "  . r r " . r  ' .  a l l r n  j o .  o  H  r  "  '  \
4.7tnglntr, not nuch lo(cl than that of the singlc

H!'G solution, 12.0mg/nf tFrgur-" 6bl. Rccall ihat
HFG constitutcs less than 4% of the total mass of
all plasma proteins. It is ljkely that most adsorbed
HFG actuallt' resides on adsorbcd proteins Nith
largor abundance, for instan.e I-{SA.

No preferertial adsorption on I-TIC
Figure 8 cootahs dch nrfbrnation on prolein adsory
tio!, h addition to coDfirming thc oleMhelming
surface actir.ity of HfG on silica. It suggests that the
LTIU snrlhc€ has no seleclivit! in adsorbing €irher
HFG or FISA, as thcre is no noticeable preference of
adsorption for citlrcr protein. There is a nedly lincd
relationship of su ace concentmtion of both proteins
to their resp-"ctive composiiion in the solurion. The
perceDtages oD the "v-axis veruas the composition on
nost parts ol the x-axis drc sbaight lines, bui are not
diagonat. lor €xamplc, rvheD its composition is 50'/o,
HFC rcaches more than 7001, of its surf:rce concentm
I  o n  o t  h p  c i n g l p  |  |  r ;  , n l  .  \ r  l r p  . r  I p  ,  o I  o o \ i
tion $4rerc HSA is also s0%. lhe HSA surlace
concentralion is still 609;. This is controversial: the
prcserce ot HFG has a smaller influence on IISA
adsoetion tharl is expectcd ftom iis composjtion
, 1 i ; . , p o n t . , .  t " p " . .  , ,  o ' H 5 \  J . o h " , .  s r  .  e
influence oD HIC a.lsorption based on the sam€
argum.nt (Figure 8l). So, lvhifi protein is more activc
in dris case? The answer is: Deith-"r ofrhcnl, ttnlike the
postr.rlatjon lhat LTI(i was selcctive to HSA. This
phenomenon is very close Lo t|e hvpothesis of
Sharna: LTIC has lhe sam," tenden.y to adsorb bodt
IlSr\ and HFC based on th," aralysis of surface
6 - p r  . 6 t i i .  r  f L .  . '  t d , "  o  r p o : o ' . n " p  r u l
det-"rmin.rd Ll their ahility to auive at the su ncc, i.c.
their r.ldtivc abundance in sohrrion and thcir diffusion
coeftirients. TefloD and polyucth.nes may have
snnilar propertj€s3'?. Finalll, thc slight off'diagonal
rclationship mal' b-" due to tbre€ possibilities: different
packirg p.tterns for thc adsorptior ftom a binary
svsten, s,vnergetic adsorption and nlultilayer adsorp

Reversibility of adsorption

Th,a presenl work clearly demonstrates a !,"ry
inpotant phenomcnonr the LTIC surface iner.ersiblr
adsorbs proteins but silica does not. Adsorption ot
proteins to carbon is so tenacious l,\at even lay€rs
oiher than the fimt onc may not be displaced {Iable 71.
No effectiv-" static m€thod hds been fornd to elute
adsorbed proteins hon LTIC. This agrces with the
eeneral observation that prolein adsorption B m€vcrsl
bl-" on hyclrophobic sLrfaceJ'". such strong adsorp
rion very likelt' enranates hom dre htdrophobic
interaction, attributed to beiDg the prnrcipal force fbr
protcin confomational stabilit]''''. Moreover, this
stud! turds lhat, oD LTIC, adsorption i[cversib]]' can
be achicved h a shofi lnn€, less than 2mnl Or the
othcr hadd, adsorptjon on silica is .llLite reversibl€, in
agftenent wiih most studies on silica or on other
hydrophiljc surfac-"sr". Adsorbed prctein layers can
probably be rene$'ed all dlc [me. The weak binding of
silica to proteins could be dtc consequ€nce of the
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relative indiffercme of the silica surface towards boih
proteins and water, mahly due to its hydrophilicity".

A dilemma in protein adsorption
On LTIC as well as on other hydrophobic marcnars,
prorcin adsorption iE generally chsJactedzed by the
following phenomena:

1. kinetic saturation-initial fast adsorption mtes
which then quickly slow down and finally level offi

2. isotliams-suface concentration versus solution
concentation shows an S shaped cuvei

3. irrcversibility-adsorbed proieins cannot be
rcmoved by ordinary solution.

These characteristics tum the whole adsorytion
pro,  p\ .  :nro a o ys lFr) .  T oro c in ad-orp l ioD is  a o 'e-
way process (irreversibilit_\,), why should the surface
comenbation stop increasing while the coverage is
way below the complete monolayer whetr adsorption
is liom solrtions witl low protein comenbation?
Proteins would eventually cover the whole surfbce,
although a lower concentration solution may tale
longer. Therefore, why is ttrere an isothem in the ffmt
place? Every curve would finally become a straight
and flat line ifthe sudace is like a protein sink.

Ludstrom el o/-34 have reportcd that or hydropho
bic (dichlorodimethylsilan€ treated) silica sufaces, the
sudace concentration of human fibrcneciin is signifi-
cantly less after successive {multistepl addition of thc
p.otein than that after dircct (single stepl addition,
dlthough the sane final concentaiion is reached.
AdsoTtion on hydrophilic silica exhibits mrch
smaller differences for different additjons. Soderquist
made a similar obseftaiior with HSA on a lysine-
phenylalanine co polymer surface3s. The dlfferent
behaviour is thought to be due to the fact that larger
sblcrur"  .ha gps ld le p a, .  u  hrd.nthoblc
s u f a , - s ' .  T r e  ! d \ o " o e d  p r o t p j - s  o o  d  h ) d r c p h o b , i
surface ae severely flattened dre to conformational
change, so that they occupy more of the avaitable
su hce and leave later-arriving proteins fewer sites to
adsorb. At the higher bulk cotrcenbation, the collision
rate of proieins on a solid sudace is higher, such that
mmy oI then have anived at the sudacc before the
adsorbed protein can tully sbeich oui (oenarurer.
Thus, t}le surface concentration is higher. On th€ other
hand, at a lower bulk conceDiralior adsorbed proteins
have enough time to spread out because fewer
neighbouB ue arcund due to the low mte of collision.
Such a surface will noi adsorb mtrch more protein,
even in a more concentrated solutioD, beca$e rot
rnuch solid surface is available. The assumption is thai
tlere is no multilayer adsorytion. Obviously, LTIC is
diflerent ftom ihose hydrophobic sudaces. lt adsorbs
proteins without being influenced by the proiein
feeding hisiory (rigure 51. Some possible nechanisms
arer slight flattedng of adtorbed proteins (even though
they are denatured), fast denaturation mte and an
existing monolayer at a bulk concenbation of only
0.02mglml. Other possible reasons are: lateral
diffusion tlat could be a rcasotr for blocking the
colllsion of other incoming proteins3?, mutual
repulsion of adsorbed proteins witli the same charge3o

md different adsorytiotr cerbes with a spectmm of
activatcd free energies of adsorption'o.

CONCLUSIONS

This work demonstaied that LTIC can adso$ laJge
amounts ofHSA and HFG befo.e saturation (plateaul is
rcached. Highd sruface cotrcentraiioDs may reflect
mr tilayer adsorption. The final surface conceDbation
of HSA on LTIC does Dot change with thc mamer of
proteln addition (direct or successive) as long as the
protein concenhations de the same for the last added
solution. Despiie the competition of other proteins,
adsorytion of HSA and HFG oDto LTIC from diluted
plasma solutions is only moderately suppressed. The
supprcssion of rheir adsoetion on silica is much more
pronounced. Prcadsorption of LTIC by HSA intribits
the subseque.nt adsorptior oI HSA significantly, and
that ofHFG moderately. This implies that some postad-
sorytion ioles place on the preadsorbed HSA.
Preadsorylion o{ siljca by HSA has nuch less etreci,
suggesting a l€ss effective prcadsorption or/and an
exchaqe proc€ss. Therc is no preferential adsorption
of either HSA or HFG on LTIC from an HSA/HFG
binary sysiem, but silica prefercnrially adsorbs HFG.
All these phenomena arc connected to ihe fact that
unlike those on silica, adsorbed proteins on LTIC can
hardly be displaced either by butrer or by proiein
solutions. This conclusion is turtne. confhmed by ihe
directly designed experiments of proiein displacemedt.
In dilute protein solution, the displaceability of
adsorbed HSA and HFG is less than 10% on LTIC but
mor€ than 50% on silica. The electrostatic interaction
is shoM Dot to be the ddving force for ihe adsorpiion
of HSA or HFG on LTIC, but it is probably for ihcir
adsorption on sillca. A1l L\ese factors strongly sqgest
tlat LTIC has a large tendency to adsorb proteins and
keep rhen jneversibly. The reality is that the LTIC
su ace is very active in protein adsorytion in spite of
iis chemical ine{ness.

ACKNOWLEDGEMENTS

We tnank Sorin Biomedica for providing the LTIC
sample. This work was supported by the Center lor
B'oool \Trprs a l  b lcr fdde".  U-  i \  "  \ i  )  o l  Jra l  .

RXFERENCES

1 Drash IL. Role of plasma proteiD adsory[on !] the
rcstonse ofblood to forei8n su.faccs. In: Sharma CP d/
o/., eds. Blood Conpatible Motetiak atd Devices.
Lancaster Technomic, 1s91: 3-24,

2 Bokros IC, Lacrdge r,D, S.hoen l. Conirol of stru.ture
of carbon lor use in bioer8ineering. In: Walker, ed.
Chenistry dnd Phl.sics af Cotbon. vol. q. New York:
Deller, 1972: 103-171.

3 Baier RE, Goft vL, Ferure A. Surface chenical evalxfl,
rion of thromboresislat materials before ud dfter
venous imllantation. Tmrs An Sac Aftif Int Oqdrs
1970i16:  50-57.

Biomaterftls 19s4, Vol.:15 No. s



Protein adsorpt on on carbon L Feng and J D Andtade

1 t

1 6

2 0

2 1

21

2 ?

29

25

2ti

30

3 1

36

F€lg L, ,\nd.ad! lD. ProtL-in ndsortu.n on row
l€mFeralurc isotrofnr.arbor: What mak.s il blood
compatible lia proleh adsorption? (sulnilled).
Chnt T H, Nlilas E, Tun6e LR. Nli.ruLalo.jnehi{, and
electophoretl. studi€s ol prutchs llod plasrLd. Ir,,s
lD 5o.,1rtt 1rt Ogdns 197i1i24: 389 402.
FcnB L, Andradc JD. Protejn adsorytioD on row
l€lrperatue isotopnr cartron l\r. Comf.titi!. ads.ry-

o '  " r " d  L :  r f o J i  i r " o " l  . . r , , t , u . : . .
a,/loids ond Surrrir..s (in press)
F€ng L, Andradc JD Protein adsoTtioD on lon
tem!€.ahr.e isotr.ti. carboDr L Protcin confomational
.nanse pmbed bI diffcrcntial scanning caLodmetry /
!n)n,{l ,url-"f F-"s lin lrcsd.
le rg  L ,  , {ndrade lD .  Pro tc in .dsor t t ion  on  10$
ledperalurc isotr.pi{r .r.bon: n. Efi..ts ol $uface
.htuge olsolids. / collord Ll-"afdrc sd (in F.€sr.
F..g L. Bio,ncdical carboD suliices aDd di€t nrLeGc
tions i{lth llasn! Jirot.nrs. P/rD lrisscto/ioD. llnler

r\Dilmde JD PIinciples ulprcLein adsorptio!. inAnd.a.r,"
ID. ed surfa.. ond Intetkt iul Asp-".ts DJ tsionledn\tl
Pol_rzc.s. VoL. 2. Ne$' York lllerud, 1.J3s: 1 30.
Chuang IIYK,Interaciion ofpLasma ptuleiis $itl adili
.ial sufaccs. I.: willians DF, ed Blaad Canlpatibiliry,
Vol. 1. Bo.a Raton, |L CRC P..ss, 1037: 88-104.
Brash I. llie tale ol lildnosen follos'ins adsorpuon at
th. bl.od-bio,notedal lDterla.e. /1n, Nf i.dd S.i
1947t 516: 2OB 222.
'1llldison DNl. leasler lR, Nla'erxs P\v. Th{, binding ot
thrombin to the sul:a.c ol hurar pldtelets. / aiol
cicD :r97.rr 249: :646 2risr.
Oslcrnran L,\ Mcthads Dl Pntein dnd Nd.lei. Ai,td
nesear.h 2: InnunnacL.tt pharcsis atd /\ppLtulian
.fFodi.is.t,les. Bcrlin: Slrirger, :198.1: 65 143.
Aplel J. Voegel lC, Schmilt ,{. Adsorptbn kiretr.rs ot
proteins otlto soLi.l suhc€s nr Uie lnDit ol the nrl€rfa
.ial i eraclioD .oD[ol. Co]loids and S!4a.es 1!331
2r l r  35 !  37 : r ,
B..ov€tz Hs, M.lcl Cll, Lcr,nr. C, Ilardesty RL,
Hautold A D. Pr.t.]n adsorltior ir rrl.o onlo |ioniater
ialnrtu.cs..vcrcd wilh ULTI c^rboD. ,ionrat ,V-"d Dev
Afti.fOrgans 19A2:7Ot 1n7 2A3
Andrade JD, Hl.d,r v. Pl.snra lrrorei. ads..ptior: the
lig lh.eh.e. ,4nn \Y,4.dd s.ri 19a7i 516: 153 172.
\ .  / ,  \ \ .  \ . ,  , " , t ?  L i  L  . . .  ' 1 "  \ "
solid liquid irnetace. ,4dr Collotd Inreto.e Sci le8tji
25 t  267 344.
\xojcicchowslj P, Hore PT. Brash IL. Ph€Domenoloer
and DrechaDisDr of tlie tla$ient adsorption ol librlno
9  o .  ! a ,  \ r o , , "  " "
S . i  1936 i  111: .154- .165,
Ho.b.tt TA. Il ss a.iion €lfects .. ..nrfctiliv. adsory
tlon ol librnrgen ft.m hemogl.bin solutnrns and f.om
plasma T,,rfonri lin.dostas 1984:5:lr :17.1 :181.
Morissel, Bw Tl. .dsorttior oid -confo.natior of
plaslu proteins: a lh1si..l .tfr.a.h. !,, \n' ,4.a.1
5 . i  1977:2a3r  50  t i4 .
8 "  r r d  . . i d . l u .  \  ' a  l  '  i '

a.lsorbed on poilrrer surfa(:es. Tiars An sa. Aftif Inl
Ogdns 1974:20 :  69  76 .
r . . 8 \  t D  \ d "  d "  t .  . " o  t \ \  \ t L ,  n ,  r , r J a !
suf.ccs fof inllantable de\tces. I Brrted Mat-q Res
1992;  26r  .1 i6  .17 :1 .
s.hmitt A, varoqui R. UDiyal S, Bmsh JL, l'usnrer (1.
|  " '  1 I : h I I n r ' r h o l . d  t u a o r  r .  ' B
.hdge and hrdrophobi. hydrothili. b.lancc. 1.
Adsorltion isotlerms. / Collad Interldce Sri l9a3t 92:
1 .15  156
Yountj BR litt \ IC, Coo!.f SL Proiein adsorption on
plllinernr biomateri.ls: L Adsorltion jsothens. /
Calloid lnterfte S.i 199nt 72+ 2n13.
Elger$la AV, Zson Rl.l. Nord. W. L]klena l. lhe
a.lsorpti!! of bovinc semm .lbuDrin on posiftelr and
negalivell, .hatjed pohstu.n. latices. / CoIo
I'/.ili.. S.t 1sc0: 133: 1,1s 156.
Lundstr.m L Modcls ol lroteh adsorption on solid
rttares. Prog (:al1.id Polvn Sci I9A5)70:76 132.
Sato H, loniyama T, \fonnrot. II, Nikajnna A.
Stmctru-" and a.livitt .harges ol pftn-"lns .arsed bv
.dsorltion on naterlal surhres. In: lrash lL, Horheit
TA, .ds. &lieDr at l^Lerluces, ACS Symf. 343,
Nash ing ion ,  DC,  1987:  7 /  37
Lnnlo. I..l et .r. Platelet actllatlon br polyallvl
aLr!lales and n€th..rylar.s: thc rolc oi sulirce'bound
Ebrnroger. I.: tstush lL. Hoftett TA eds. Prot-"trs ot
Inl-"r/ir.-"s. ACS S,up. 3,tJ, iasliington, DC, 1937:
i07  52 i l
Horbett 1,\. Erash lL Prot-"ins at int.rfaccs: cruenr
issn.s and lirtu.e lrospects h B.ash JL, Ho.b.tt TA,
.rds. Prot.Ds dr InterJd.es, ACS Sllrp. 3,13, lvashnig-

sharma cP. r-Tr ..rLrons blood conipatlbilirv. / cblid
h le r ld . : - "  S . r i  1934 i  97 :  615-616
Ilo.bett lA. l'roteh adso+tion or bionrterials. In:
C.op.r SL, P.!!as \^, eL\s. Biomaterials: Inteia.jol
Phc,.ncno ar.l Appli.atjons. tul\.an:--s iL Ch--mistn
S-".i-"r. V.l 19r. \\iashington, DC: ACS. 1s32:233 2,14
,  \ . D ,  -  o l  i , 8  a . r -  p r . . -

l r_v  1990 i29 :  7133 7155.
Lurdstr.m l, Ilarsson ! lonssor U, El1{iDg H Pmtenr
ddsollni.n and intrlm.tion ai solid $ula.cs, ID: Feast
wJ. Nlunro HS, eds PolJ'ncr sria.cs nnd t,teiocas.
Ch i .h€s te f  John \q i leJ .  1937:  201 230.

n  q '  '  \ l f  \ l " L r o  '  \ U  5 , L  L  "  l " , : j ,  ,
trn,"l.s adso.bcd on !ol)mer suia.es. / Collord
Intetfo.e S.i 1qaat 25:3A6-i92.
h,aBson !. Lrnstrom l. Physical characterization ol
prot-ain adsorl,tion .n mctal and netaloxide su aces.
CEC Crit Fer Bj.c.tnpot 19n6:2.7 96.'llltor tltl. Rolertson (lR. Gast AP. ]aleml dilhrslon of
bolhe serun albun r adso.bed at llic soLid liquid
intnlace J Colloid IntelaLe S.r 1s9oi 137: 192 203.
Sdvastianov VI, Kulik EA, K.liniD lD, The model of
.ontnuous helerlgen€it' of frotei.-snrfac. interac
tions for hunan se.ud albunin a.d hnm.n imDruno
globulin G adsofptlon aata qratrz. I coll.i.l Intetacc
5. i  1991:145r  19 : r  206.

1 5

22

B d  l f i d l .  L ' 194  Vu l  15  Na  5



EI-SEVIER

/.E t r?'s\^cl U /'/
>e+- ' - ioo* 

P"7r
Cotlonts nnd Surfaces B:Bioinrerlaces4l1995) ll3 325

COLL()IDS
AND
SLBlACESB

Protein adsorption on to low-temperature isotropic carbon
4. Competitive adsorption on carbon and silica studied by two-

+ Coircspndnrg aulh.r.

092 7 1765/95rr$09.50 aO 1 99 5 Elsevier Scietrce B.V. A ll rishls reseNcd
. ' , t , r /  0927 7765 (95)0  r  r90  0

dimensional elect rophoresis
L. Feng, J. D. Andrade x

Depalrrent aJ Bioehgineetihg tnl DeNrrneni oJ M dern s S.ierce atul Lngihe.tins. 2130 NIEB, Unirc$i ! oJ ULah,
Stlt Luke City, UTu|l12, USA

Received 6 Augusl 1993: acccptcd 13 JalnarI 1995

dcrjvcd tron such highly ideal in vilro experim€nls
to its behavior in a real bioenvironment. Altbough
dil e plasma is sometimes used forin vitro protein
r d s o r n . i n n .  L r . r - l l J  o n l ,  o r e  k  I d  o  p r o ( e r D  . s
measured al a time [5,6], which nakcs tcdious
work of jnvestigations into adsorption properties
ol even a lcw proteins from the mixt!n!. Besides,
thc largcled protein has to be labclcd so that it
can be detelrt€d. Labeling may unintentionally
modify the protein itself and thus its adsorp-
tivity. Elution ol adsorbed protein followed by
one-dimensional electrophoresis [7,8] and "iodo-
grams" [9] have bcen used to identify multiplc
proteins. The sensitivity ofthcsc methods is sxbject
10 limitations in the removal ol proteins from the
surlace and possible deleterious ellects of the s r-
factants used [7]. Using radio immunoassay, up

Two dimensional pollaoylatuide gol electrophoresis (2D PAGEJ was apr'lied to thc shrdy of coflpelitive prorein
adsoryliolr from dilutcd huatr plasma. We obtained the derletion (adsorltio!) of sone 25 r'lasma proreins in the
presence ot low-tempersture isotropic cdbo! (LTIC) or silica powders The depletior dara are used as a mca$rre of
protein adsorptiljiy. Generally, !tutejls of lovesi abuDdalce hale the highesr tendclcy to associale wirh the 1wo
solid $idaces studied. The adsorllivity of a prolein iS iareell deteinined by lls lolubility. Mosr proienr! detecrcd
exhibit simild delletion behalior on both adsorbenls, suggcstine a mnltilaler adsorpLion proce$. Three trctejns,
henopexin, apolipoprotejn A I. and apotipoproteu A ll. rfe depleted diflerently iD tle presence ot LTIC md

K.j,$orrr: Carbon: Slllca: Plasna proteinsi Protein adsorltiolj Two-dinensioDal electrophofesis

l. Introduction

One of ihe drawbacks oI in vitro sludies of
pfotein adsorpdon is lhal the solution condilions
are dilTcrcnt lrcm the in vivo environment. Body
llujds arc cohplcx systems, containing a variety of
dissolvcd or suspended species [1]. There are at
least 200 diflerent plasma proteins in blood, consti-
r u r i n s  r b o u r  -  8 d ,  o f  f l a . m J  f ' ] .  H o s c \ c  .  I n
vitro proiein adsorptjon is usually caticd out in a
single conponenl solulior with a purilied protein.
Evcn in a compctitive adsorption study, rarely
more than three dillercnt puriliod proteins are used
[3 5]. lt is therelore difiicull to conclatc the
protein adsorption propensity ol a solid sutface
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1(r l0 proteins ftom plasma can be detected on a
surfrce for a single dsorption process 1101.
However, appropriate antibodies are required lol
delecting the adsorbed proteins of interest. There
are also concerns about the generality of antibody
binding to epitopes or adsorbed proteins.

Two-dimensional polyacrl'lamide gel electro-
t l - ^ r e : .  l l D  P \ C l  I  . d I  d e r e . r  n  . . r  )  p r o r e i  r .  i n
a nrixture [1] 16]. For the study of competiiive
prolcilr adsorption lrom a ml]lticolnpo eni solu-
. i o 1 .  r h i .  r < L b r i q u (  u r m u n ' U r ' ( .  I  c  r . l u q r n A
advantages:

(1) detection ofindividual proteins trom a multi-
component system simultaneously, quickly. and

(2) no protein labeling. lhus climinating the risk
o t m u J i b i n A f r , ' l . i r '  . r c r r r c .  , d  f . n I . F  i e . .

(3) no need to purify proteins;
( 4 )  \ s l  . e n . i t i \ i . )  ( l i m i L " , ' o n  b e l ^ s  0 . 0 : n !

mm ']) and large dynamic range for quaniilication
(from 0.02 to 2ngmm 2 on PACE sels of I mm
thickncss) [  l6] .

l r  | . h  f a p e - .  \ e  o - e , e r L \ e  - e i u  . .  o t c n n  p e . i -
tive protein adsorption onro carbon and siLica
powders from diluted human plasma.

2. Experim€ntal

2.1. Materials

Low temperature isotropic carbon (LTIC) pow-
ders wcrc obtained by ball milling silicon alloyed
LTIC ftagments (a gift from Sorin liomcdica. Ilaly)
nr a ceramic jar for 5 h. Their averagc diamclcrs
were 0.2 l1m $'itl \'ery broad distributions. The
BET surface area was 54.,1m? g ', bu1 lle prolein
rccessible area was much smaller. esiimated at
around ltm': g 1 [17]. The surface to volume
ratio was about 3.6 x 105 cn t. assxming that ihe
density of LIIC was 2.0gcm i !81. Silica pow
oe1 qe.e f-o r  Sr;n J (sr.  LuUr..  \4Ol $rr '  . i / . -
of  0.5 10um and a surface area oI 1.5m'g ' .
Citrated plasma, purchased from thc Blood Bank,
Universit] of Ulah Hospjlal, was pooled fiom 10
individuals and slorcd ir aljquots below 20"C.
t'hosphate bullered salinc (PBS; plrosplrate
lomM+Nacl 150mM, pH 7.4) lvas prepared

with sodium dibasephosphate (Ulirir) from j.T.
Baker, and sodium hydroxide (Suprapur) and
sodnrm chloride (S prapur) lrom EM Scicnce. The
extensive lisi of chemicais rvith their specifications
and sourc'es used in 2D PAGE has bccn publjshcd
clscwhcr€ [ 12].

2.2. Depletnn d PBS tliluted phsntt

LTIC powdcrs wcrc vacuun degassed before
being pre$ etted with PBS. The procedure has been
dcscribcd in dclail elsewhere [19]. The pooled
plasma (1007d wis tharved at room temperalure
iust belore the expcrimcnl. Il was prediluted io
l0 ' .  q.Lb PBS Jnd '  I  en pipeled i  rro d pol lprop) l -
ene centdtuge lubc conlaining a ccrtain amount of
prewefted LTIC powder. PBS was addcd 10 fill lhc
lube !o 1.7n1. The suspension of the po$'ders,
plasna proterns and PBS was lvcll nixed. and the
linal plasma conccnt.ation was 1/30 ofthe normal
conccntration li.e. 3.3%). The tube was incubated
at room temperature (22'C) r\,hile being rotalcd
lor continuous mixing. At a presei time interv: ,
the tube $'as cenlrilugcd for 1.0 nrlnj 50 pl ot lhe
supernatant was transferred to anothcr tubc lor
use as the 2D PAGE sample. The procedLrre for
silica powders was similar exc€pt that a vacuum
lvas not needcd bcforc pfcwctting. Control samples
were treated identically, althougl no vacuullt
degassing rvas used as rhere were no adsorbents in

Two experimental parameters were laried: the
amount of adsorbcnl (LTIC 0.025, 0.05, 0.10g;
silica 0.10, 0.31, 1.00, 2.009) and lhc incubalion
time (5 min, t h, 12 h). The soal for the former was
1() llnd ou1 which prolcin was most or least lilely
to be depleted. Wben a small an]ounl ol adsorbcnL
is present, the most surface active proteins should
be depleted owing to the limjted surface area.
Deplelion of less surface active proteins can be
dclccled ri/hcn a highcr surlacc area is available.
Since protein concentratio also influences the
degree ol deplolion, this lallcr quanlity will be
presented as a normalized valne. Different inc ba
tion times provide ilformarion on adsorption
kinelics aDd protein exchange.
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2.3. Opemtion ol)D PAGE

The 2D PAGE apparalus was lhe ISO-
DALT sysrem (Hoefer Scientific Inslrulncnts. San
Francisco, CA) [ 14,15], \rhich can run 20 gels .rL
" d.oe. l  te ope-. .roi  r .  hlL. l )  .nlru( '  rced l  efe:
scc Rcfs. [13] and [ l5l  for deraj ls.

( IJ Isoclcctric focusing (lEF) gels were preparcd
in small glass tubing (i.5 mm inierior dianeterl by
polynerizing acrylamide with cross-linker,\,N'
methyle ebisacrylamide. Ampholytes (3 10) were
used to creaie a pH gradient along the gels after
prclbcusing. Diluted plasma sanrples wcrc loaded
o top of the gels. IEF was run at 1100 V for 20 h.
Afier the run, the IEF gel was hydrodynamicdly
pushcd out of lhe glass tubing ready ior tho second-

(2) Thc IEF gcl was carefully positioned on lop
of a slab gel thal had been sand\riched betwccrl
two glass plaies and polymerized wiih a gradielrt
in cross-link density. The IEF gel was lixed in
place with agarose gluc. llectrophoresis was car
ried out in a glycine buffer with sodiuD dodecyl
s'rllarc (SDS) at 50 mA per sel for I l0 h.

and size ol lhc spot were tust specified, and then
the area was measured, the local background
subtraclcd, and the integrated optical densrty
(IOD) computed.

2.5. Inportant lacts

Thc following t\\'o inportanl lacls must be kept
in mind before analyzing lle rcsults.

(i) The definiliou oI suface concentration or
adsorbed arnount (l-) measured in this expenmcnt
l d e p e . r o | l l  i ,  r , ' ,  . \ t r i \ r l e n L  r ^  r b o q e  i r \ o . \  n g  3
ihorough rlnse wilh buffer before taking neasurc-
ments. In the latler casc, the sample surface only
cortains proteins that cannot be washed on
Howeler, ihe adsoryLion assessed by the depleiion
method includcs superficially bound proteins,
which can bc cluted by buffer dnse. In otlc. words,
r f .  /  r . ? , .  ( J  i n  r h i .  c d i e . h o u  c  . e  l r g  ( r .

/ 2 1  2 D  P A r , l  .  -  . e m i - s  r r n . i r d r i \ e  r e c f i  l r .
Many factors contribute 10 dcviations in compar-
ing lhc TOD of a spot at rhe sanre posilion among
dillerenl gcls, such m loading errors, variations
anong individual gels (size, thickness, pH gradrent.
rnd cross-linking density), proiein losscs in solu-
l o  I  f e - L m e n r c  d t r e r  e l e ( r r . f r ' ,  ' c , . .  c ^ n r  I n  i n " -
lo. l  - .  edch .rdge ol  ol1cralr . 'n.  l rme rrr io.  o- 'n
development, and rnrccrl.tinties in the digitization
with the CCD canera. To lllinimize these advc*e
effech. a proLcin standard, sot'bean trypsin jnhibi-
tor (STI), was incorporated i to every loading
sanlplc bclore running lEF. All olhcr IODS of
protein charns were nonnalizcd by the IOD of the
erternal sta dard STL However, owing to diflerenr
staining efficiencics lbr diferent protein chains an{i
heterogeneitt' nithin a gcl (c.g. different ihicknesses
in ditrere t regionsl. lhis exlernal calibraiion did

ot solve all thc pfobtems. Thus, eren for the srmc
baich (i.e. Lhc same sampie loaded on dj crcnL gels
lhat were cmt, run, fixed slaincd and stored at the
sane time), 20 30% devjalions tu IODS were
common among ditrerent gcls ior bigger and darker
\pol. .  re:r .bjD! r !  l rLc\ d\  in '  ur ere. l  brgter
r l ,  ' 0 0 ' .  t  r  . r . l e r  a n d  , e  e r  . f ^ r , .  H ( n c e .
thc valuc to be glven is the nedian IOD from
rlr .((  r<1. to e: c l  v nt le:  n.  \ randJrJ u(r . | ror

2.4. Stuininll tnd qua tificdtian

Protciu chains in the slab gel were detectcd by
highly scnsilive silver stai ing []61. The slab gels
wcrc thus separated from the glass plates and wcrc
iii(ed in a solution of 50% eihanol and 1070 acetic
acid overnight, stabilized nr a 27. glularaldehyde
solulion of pH 9.5 for 60 min. staincd in a solution
o{ 0.77. silvcf nitrate for 75 min. developed rn a
solution ol lormaldehyde and citric acid, stopped
i -  .  '  " c c . ,  . o  u l .  n .  a D d  6  r a l )  : m ' r l e f , e d  i r  "
207, ethanol solution overnight. The $'et gel was
encloscd in a polyethylene zip-lock bag for sioragc
and lvas analyzed within 3 days.

A charge-coupled-de\ice (CCDI canera (14 bi1s.
Photonetncs LTD, Tucson, AZ) interfaced wilh a
Macintosh Il computer was uscd 10 oblain trans-
missnrn digitized images. The optical densily was
oalibrated using specific protein standards. To
quantify a pariicular protein clain, thc location
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3. R€sults

3.1. Qtantilalbn 0l protunls

Fig. I displays t$o lypical 2D PAGE gel images.
!ig.1(A) is the map ol a non dcplclcd plasna
(control) s:unple, i which mrn] prolcin chains
have been identified rccording to the patterns of
k n o $  r  o r o  e i n : , r .  w c  |  " , . r a . l J - r J  p . - . . n 1  p f o r e i l
naps [  12.14,20].  Fig. 1(B) is the map of a depleted
sat11ple, in which ihe correspo ding spoh becornc
l i rbrer o ba'e di .dppe/-ed contarea r.  r fo.e r l
Fig. 1(A). One cannot compare absolute quantitics
of diferenl proleins in terms of their IODS. as
silvcr has dillcrcn! slaining eficiencies for diferent
protcins. NcverLheless, ii is justifiable to compare
1 n . . , - , .  o  r h (  \ J m (  p f o , e . n .  b e b r e .  I  d  .  t r e r  . r e j
are depleted. The percenrage ol tbe dcplclcd
amourt {DAl of a pafiicular protein chajn can be
cdlculated by Eq. (1):

/  r O D o  . h e c h .  n a . L '  d e o l e L o n \f t A T  I  |  |
\  I O D  o .  r l  e  c  r d i n  b e  J . e  d i f . i , i ^ , , /

x  1 0 0  ( 1 )

The abundarce of a detectablc proLcin lvas esii-
mated by its "nonnalized amouDt" INA). delined
bj' tle ralio of lhc IOD of the protein to that ol
albunin. Noticc thal the NA of a protein is not
usually cqual 10 thc ratio of its concentratron to
ihat of albumin, because different protein\ havc
ditrerent efficiencies of silver staining and Dol all
prolein chains crn be derectcd by 2D PACE

1.2. Percentile depletion oI plusna prorcnis

The values for protein depletion (adsorption) jn
I a b e s  r n d  2  a r e  b r ' . e d  ^ n  r h e  f - c .  r r c . .  c
DA in Eq. (1). The total deplclion hcxl to last
rows) of all detectablc proteins wds calculated by
Eq (2):

'  DA. NA
rotal denletion % :451*j x 100 (21

where the depleted anouni of prorein i (DAJ is
weighted by ils normalized anount, NAi. The last
row ls the depletion of all dctcclable proteins

r . r 4  r D  t l d  t l " l t . I : n  5  J t  E  R . . . . . t . J .  4  t . a ,  t t t t

excluding albumin. ,{gain, these are rough csl;
n J l e s . . .  r f e  D A  \ r l u e :  a f e  , .  v c r )  2 J c r  - l c .  -  J
not all the plasna protcins arc dctcctable.

A thoro gb survcy ot Tables 1 and 2 produces
sone generrl obscrvations (note thal in the dNcus-
sion below, depletion or adso.plion are on a
percentile baslsl.

(1) Depletbn js nol idcntical for d1l plasma
proterns on bolh adsorbents. In other words.
adsorption is competitile on these surfaces; sone
proteins disappear from the solution vcry quickly
and compleiely, $,hile sone nonly rcmain in solu-
lion, e.g. fibrinogen vs. albumrn.

(2) With some e)iceptio s, on both sLr accs the
proleins with high abundances of plasma arc
d c f c c J . l J { l )  . n d  , i q b . } .  . u c f  a .  " h r r r r  ,inrnuDoglobulin, ?r aniitrypsr, transfefl in, and
t " p r ^ g o b i  .  b r  p r o r e i r .  ^ f  +  c u n r ( n L r - L r o n  r D
plasma tend to adsorb rapidly .rDd completely,
. r c b  d 5  d p o  (  I I L  C 4  . , J  C 4  j i l c o p f o r e i D
(Fie.2).

(l) The cxccptions on LTIC adsorbents are apo
A ll, prealbunrtu- and 7r acid glycoprotein. whose
co ceniratiorls are not vcry low but whose
deplerion is among thc lowcsL. The opposites are
fibn ogen, rr HS glycoprotein, r.: macroglobuli ,
henopcxln, and piasminogen, whose concentra
lions fange ftom medium to high, yet whosc dcplc-
lion is high.

r , l  T h e  e , c e o r i o r  .  o n  , l c a  f o ,  h ^ , h  f f l . g u ,  J .
r f e  / { \  l e n  o f . \  n  r  B  g r ) L . p r u  f l n  p r e J l b  I ' E  r .
tlnd ?1 acid glycoprolcin. and (B) librinogen, apo
,^ I, apo A II, and q, macroglobulin.

(5) No perceptible protei exchange occurs or
LTIC, i.e. statistically, there are only forward lrans-
itions from lower depletion to highcr dcplelion bui
no backward ones (Fig.3). A sin1ilar situalion
showing lack of displacement was obscrved wrth
the si l ica surface [ l7 l .

(6) The next lo lasl rows ir Tables 1 and 2
indicale lhat the total depleted amount is noL
proportional to the adsorbate amount. As showD
. n  f i r  4 .  r b e  U l h e  r h e c o r c e r r r l r  o r  . t  r J , o r b c i  .
thc less adsorption per xnit mass.

(7) Albunin has a relatively 1o$'depletio per
centagc as irdicated by comp ison of hs DA to
llc lolal depleiion- clearly to thc
total depletion excluding alb min ilscll The lasi
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Fig I Plasma lrotcirN o. 2D PACI -qels |Iom . noD depieled (coitr.l) samtlc {A) aid a dctLctcd samflc (B). Sone idenrined
lforcins ard prorem ohanrs re ns lollows: (ll r: 'mcnrglobtrlini (l) tra.sfedr: (l) plasnnroseq (,1) d1 B glycoprotein. (51
lenopexnr; (61 alnuni.j i?l 'L antih!$ini (81 t, articlrrotrypsnr: (9) ,, HS sllcoprctein; (101 ls r chai.s; (l1l (;c globulhi (l2)
lbrnrgen r.. chaini(lll nbfi.oecn I chaini(14)lg r .nains; (15) hnprogloni. l.hain: (16) (i.1g1r'..pr.tcin: I l7l a, acid gltco!rolei.i
{18)C47.han i : (19)apo l ipopro te inA lv i ( :0 ) lg ichdns ; {21) lg t rcha ins i (22)a to l i to l ro lc inA l : (21)soyheant ry lsnrnnr ib i to r i
(24) hlttoglobni d: chxnrr l25t prealbnnnr: (26)hnploglobin ir clain;(27) atoiiFtrolch C lllj {2Sl apoli!.frorein A IIr (2r)
henochbn! {10) al.liFfr.teh D.

{ ! ] l !
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columns (the highest solid surface arca and loogesL
adsorption lime) can be raken as an exampte. Thc
compffison of thc DA of atbuniin wirtr the lasl
lwo rows gi\,€s 5A% \s. 75% and 8S7. in rhe
presence ol LTIC, and 42% vs. 66E and j1a/. jn
the p.esence of silicx.

(8) Fibrnrcse,r has a \,€ry high depteiion pcrcen-
iage. both kinetically and lhermodlnamicaly, or
b o r l  I T T a  r f L l  ,  c . . I r o r t \  j n i f  r . d e p e r u l
reached 96% on LTIC and 85% on silica, elen
when the lowcst amount of adsorben! was used.

(9) The dcptetion patterft of proleins on LTIC

and silica afe srrikingly similar. Wirh onty a fe$
di l iere ces ((3) aud (4) ( in Fig. t ) .  abou! 21 ooL or
25 plasnra proteins follow similar deplelion palrern

4. Discussion

1.1. Ellectiu rurfaft arca fd prokh adsotrtio

\Vc can cstimato the protein surfrce concen
" r ' . ^ 1  o n  b o r l  . u r t d c e ,  t r o r  |  '  r <  . o r , r i  J e p , e | | u n
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of identilied proteins, the surface aren and lhe
amount ofadsorbent (Tables I and 2). Fig. 4 shows
r h - '  r h e  l . r r r e r  .  m o L n .  o t " d . o - h e r '  r o . .  r \  l \ ' $ ( l
proteins per unit mass. A similar result is reportcd
in Ref. 1171, where the amount of dcnalurcd pro-
teins was ot proportional 10 thc anount of LTIC
powder. Such a relalionship could be ihe results

(1) smaller amoxnls of adsorbent adsorb lcss
protein so that the solutio conceniration is highcr,
producing a higher surface concentration;

(2) morc adsorbent causes more aggregation of
adsorbcnl parlicles so that the sudace area per
unil nass becomes smaller.

The former can be expected from !he adsorytion

isotherms and lro possiblc nullilayer adsorption
[17]. The latter mav bc due to a slightly smaller
ratio of the vohnnc of protein solution lo the
volume oI adsorbent. To allow lor this eflect, ne
e{rapolared ./- to zcro adsorbent mass, which is
shown in Fig.4 as bold fllrves. We thereby
estimatcd thal the suface concentrations ol lhe
idenliiied proteins are 6.0ng m z on LTIC and
4.0 mg m : on silica.

4.2. Si'jrjlat depletion an both olsorhents

Similar percentage depletion of plasma proleirs
by LTIC and silica adsorbents is nol expeoted. We
anticipated that lhc lwo surfaces shoxld have
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djfferent protein compositions, especidlly when
smaller amou ls ol adsorbenl are used, where
adsorption is more competilive. Thcrc are several
possible mechanisms causing such rcsults:

( l l  h e  r * u  . L r b n r l l < .  a L l ' o r b  . i 1 1  l J  f r o r e . r . :
( 2 )  r b e  p f e s e n  r e c \ n i q r e  ( r n n . r  , l i . c r i n i n l r c

between different absorbents:
(3) the surface is not completely co\'ered by

p r o L ( i n  r u  \ e r  r l ' c r c  i ,  l I e  c o m p e r i . i o n  i l

t 4 )  r h f l (  .  "  , , r r  r 1 1 ) c  1 d . .  t r  u r .  n a k  n g  , l e
deplction apparenlly similar on the two sudaces
117,211.

Wo bclieve lhe last process to be the most
reasonable. Thc lolal amount ol protei in the
dllute plasma is relatively high: 2.6 mg tnl ' bcfore

any depletion and about 0.7mgml ' ater lho
hlghest depletion. As no rinse was used, loosely
bou d proteins are considered to be adsorbed.

4.3. ,.'dsor ptil)it)J and obundance

All proteins are surlace active. but their adsorp-
livily is dillLrcnl. Thcsc cxpcdmcnls show that lor
most proteins there exists a rough inverse relation-
ship betwe€n adsorplivity and abundance, despite
the suggestion that there is little connection
between protein abundance and adsorption tcn-
dency [22]. Thc pfopcnsilics oi plasrna prolcrns
for depletion may well depond on thcir biologrcal
functions. The phenomenon that abundant plasma
prot€ins have a lower tendency io be depl€ted than
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less common ones has already beelr obscrved
[22,23]- i.e. abundant proteins with 1ow binding
aflinity adsorb lirst, but are gradually displaced by
trac€ proteins thal are more suface active but
arrive at the intcrface more slowly.

4.4. Diljbrcntly .lepleted Fateins

11 is interesting io exanine the protciDs that do
nol n! the relationship between adsorplivily and
abundance. These are djvidcd jnlo thrce groups m
Table 3. T\e l i rsr grouf . .  dcir  rJJ - ,  .oIr  r in irg

the most depleled proteins and the sccond as
containing the lcasl depleted ones, on LTIC. on
silica or on both. The last group is made up oi
proteins showing opposite depletion propensities
towards the LIIC and silica adsorbents. Only
proteins whosc concentrations in plasma are
neither too high (under 3mgm1 ') lor thc least
depleted nor too low (above 0.1n1gnl ') for the
most deplclcd are listed. F-or ertan1ple. fibrinogen,
despite its relatirely high abundance, is vcry
susceptiblc to depletion. ln less than 5mllr it
has virlually all disappeared from tlrc solution-

TIE nosi { + ) and lcast ( ) dedeted plasna prolenB on LTIC and siiica Dowders fton PBS dilutcd tlasm!

Otr LTIC

t 2

6

6

I

1)
2 l
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However. ,r acjd glycoproLcin is hard !o deplete
e \ e n  r l - o , g \  |  b e l o | l p .  .  h e  l . \  c .  r c .  - .  r o r

4.5. Role al t]hbilitr 0f rtutein

On comparing the solubility of rhe most and
least deplclcd proleins in Table 4, one immediaiely
spots some connecliorls. Colunn 2 ofTable 4 indi-
cates the infiuence ol cthanol on lhe solubiLitJ of
the proteins [24,25]. The general trend is thal thc
least depleled group caD tolerate more ethanol
without precipiiaiioll than the most deplclcd
group. Column 3 shows the efects of an inorganlc
si1i, ammonium sulfale. Again. a hjglcr blcrance
means higher stability of ibe protein lo lhh sub,
stance [24.25]. The most depleted proteins rppa
-(r l  )  l rccipi l l l .  a l  lu$er ool: I  cnn!er l fd ion\.
t e *  . o l u b l e  p r o r e  I \  i i .  n o r e  u r t :  c e  . r . r , r  r l
terms ol adsorplion behavior [26]. although the
reverse relation may no1 hold (henroglobrn rs
exlrcnrcly soluble and also eritremel] surface active
[26]). This correlation should prcbably be
considered together with the type of solid sub
strale. Multilayer adsorptio sho ld also reflect
the naturc oflhe substrate. Oiherwise. ihere would
be very few proteins \.!ith low solubilily in plaslna.

1.6. Some indbidual pldsma prcrcins

(4) Alhunitl
Albunin is one of the least adsorbed plasnra

prolcins in lerms of rhe depletion percentage. Ii
birds only weakly 1(r silica [27] and to some
polymer sudaces [28]. lt has been ranked as the
p r u r r I  s . r h  l h <  . o s e n  r 8 1 1  r )  r o  . : l i c r .  i r  c o n p .  r ' -
son to librinogen (the highesi), lysozyme, IgG,
ribonuclease. clc. [29]. Its low suface aciivity has
been recog ized [30] and is morc noticcable ir
competitive adsorption processes [22,31], '{hich is
understandablc. ID blood, the biologjcal functions
ofalbumin (transport and colloid osmotic pressure)
dcmand thal il has a high concentuation and thus
high solubility. I-lcncc, it should not bc cxpecled
to have a high surfacc acLivily.

librinogen is a typical "mosl depleted" protein.
Tables 1 and 2 sholv Lhat il is almost completely
depleted in lhc presence of snall amounts of adsor-
be r at very short times. Near rotal depletion of
fibrinogen has also bccn obscrved on polyurethane
panicles and on glass bcads []21. According ro
the irreversibility ol ils adsorption on to ITIC
[27], fibrinogen canrot displace previously
adsorbed albulnh or other adsorbed plasma pro
tcins from the surface. The same expcdmcnl also
i . . J i r r l e s  r l  d .  r l e  , .  r f a (  e  c c n c e r l r d l r u n  o r  a l o u m  n
liom dilute plasma on fTlC is aboul 50% ot that
l.om pufe albumin at a similar albulnin solulion
conccnLralion. Hence, the albunin deposilcd
tiom diluLc piasnu is not 1ikely to be displaccd.
Fibrinogen is not prelerentially adsorbcd onto
LTIC, compared $'ith albumiD, liom iheir binary
. o l r  t i o u , .  l h e  e t o  . .  o v  r f g  o  ' .  . m " l l  . h " r e  D
the total protein nass- only a small number of
fibrinogen molecules can even Louch the LTIC
. ,  r f J , (  b e . o r e  r b e  ,  r r  r . e  .  r ,  t i d l J  c ,  \ c r ( J  b \

Thcsc facts suggest that fibrinogen molcculcs
r  d \  c \ i J e 0 4  h e . r f r . e o t a d '  r q r , l t r , , l . r ' . . r 1 .
nultilayer adsorption. Thjs propcrly oI ilbrinogen
can be attribxted lo its low solubility, and rts
propenslty ro precipilalc. ]ls low solubility can be
demonstraied by the fact tlral fib.inogen has the
lowest iolerance towards cilher elhanol or
ammonilm sullhlc among the proteins in Table 4.

Solution nabilir) ollhc dlstrn proteins with the most or least
adsorptivitics tos!rds l-Tl(r'

(NHr t :SOr l
(Nt )

8 (7.2tb
20 (5.81
18 (5.21
251s.rl
70 (6 ?)
40 (5.21
18 (5.2)

r 0  r . 4  ( 7  0 )
2 4  t 2 ( 5 0 )
r 2  r  8  { 7 0 )
2.4 4.0 (5_0)

26 (5.0)

' Adapted fron Rct [25]b pH vahes xre in pafcntheses
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Doolittle [33] considered librinogen as one of thc
least soluble proleins in plasma- in contrast 1o dl
acid glycoprolcin ttrat hm an uusually high solu-
bjlity [34]. We propose that this low solubility
renders thc fibrinogen sudace active.

Hemoglobin is a protein with a very hjgh suriace
activity. higho than that of frbrinogen [26],
but shows small depletion on LTIC. Blood c -
rios little free hemoglobin (corcentration about
0.003 mg ml 1 [22]). Thc henoglobin detected ls
probably bound to haptoslobiu [35]. The appear-
ancc and depletion of hemoglobin is actually due
to hemoglobin from the haploglobir complen
rather thaD lroe hemoglobin. The low depletion
thus reprcsents the lorv surface aclivity of the
compiex.

( D) Apolipoprcteins
Table3 includes two apolipoproteins (apo A I

and rpo A TI) that behave din'erenlly towards the
rrvo adsorbcDts. As Table 2 sho$'s, siljca completely
adsorbs r1l Lhc detectable apolipoprotcins. indicat-
ing a high amnity ofapolipoproteins towards silica-
Howcvcr, it is a little misleading 1o ciGmine only
rhc rp^l ipopfo eins: s irce r l 'c dput ipuprorei  r .  i r
plJ.md corr i r  l 'pd,.  r l r  |  -J.orpr or p 'opef l ie,
should be determined by the cDLire protein lipid
complel As apo A I and apo A II ere mostly
contained in hish dcnsily lipoproteins (HDLs)
[36]. it is reasonablc 10 suggest that it is the HDL
that adsorbs diflcrcntly onto the two subslralcs.
HDL adsorbs onto ihe silica powders according
10 the DA data, and its high surface activity has
been recognized [4]. lt also adsorbs onto poll.vin]1
chloridc and polystyrene. Preadsorption of HDL
can inhibit adsorption ol thc three major proteins:
albumin, fibdnogen, and Igc [4]. However, its
sxdace activity docs not stand out on the LTIC
subslratc, which further reflects tbe cqual adsorp-
tivc lcndency of t.he surface towards different

Henopexln is an interesting protein. It is the
only othcr major protein that has diliercnl deple-
tion properties on LTIC and on silica, together

with the apolipoprolciDs. Independent work by
Tingey [32] provides further evidence tbat hemo-
oe\ ir  al . .  e\ l .biL.  un'que rd.ortr  or bcl-d 'rul
towards polyurethanes and glass. Table,l reveals
its apparenl different stability towards the two
precipitants. ethanol and ammo iun1 sulfatc. 11
exhibits low stabilily to the organic compound bu1
high stabiljly 10 the s.rlt. Ar€ these two kinds of
chemicals in any way ana.logo s to carbon and
silica? From its ditrerent toleranccs towards erhanol
and anmonium sulfalc, hcmopexin seems to have
a strong inleraction wilh ihe latter. However, the
complication that precipilation is sometimes
acconpaded by protein dcnaturation prevent us
lrom carrying out furtheranallsis at this time [37].

1.7. Is Fibrlnogen Ditph.ed?

It has been established that fibd ogen can bc
displaced [38] or i1s adsorption can be sxppresscd

l 0 l  b )  c r b e -  p . , , , . ,  p r o r e i n .  . 2 - 1 .  l r .  1 . i e r l
adsorption of fibrinogen onto hydrophilic surfaces
is a dclinition of one of the Vroman effects. ln the
present work, however, nejthcr displacement of
Fh' i fogcn nor \uop-e:\ , .  I  o '  rL,  rd,orpr ion i .
obsc ed on either carbon (Fig. 3) or silica (data
not slrcwn. but the DA oI librinogen is almost tlre
same for 5mjn dcpletjon and 12h depletion). A
large decrease in fibrinogen adsorption onto silica
plales has been obscrvcd by the radiolabeling
method with thc salne plasma sample [27], nnply-
ing that the fibrinogen-displacins protejns (high-
motecular wcight kininogen a d factor XII) were
n,\  r l  und su"f ice arr i \ . .  WJ need more e\pen-
mcnlal data to explain such a lack ofdisplacement.

5. Conclusions

LTIC and silica substrates deplete plasma pro-
terns similarly. However, the DA docs not necessar-
ily reprcseni the affinity of a protein towards a
' o l . d . u  t d c e  i 1  c o n p e . , r i v e  " d . o r f u n n .  o s r n g  . o
. be cornl .  \  r lJ of  rbe proce(.  In J oct l (  run e\pe-i-
ment, the mcasured competitive adsorplivity of a
protein is dclcrmined more by its solubility than
by the type of soiid surface involved. Generalty,
prolclns at low concenlrations in plasma are more
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easily adsorbed while proteins of high abundanc€
rend ro \rd) rn soludon. A rehted coDclusion is
that proleins that have low solubility or are readily
precipitated are depleted more completely rhan
lhose wilh higher sohbiliry. Fibrinogen represenls
the first category; its depletion on both substrates
is very signiGcant owing to iis low sotubility and
high surface activity. Albumin exemplifi€s the
second group; it is the least adsorbed in terms of
the depletion percentage, showirg a relatively low
sudace activity. Allhough prcteins are all surface
active, the surlacc activities can be very different
and nre manifested mostly in competitive adsorp-

Three proteins, hemopexin, apolipoprotein A I,
and apolipoprotein A II, are deplet€d diflerently in
the presenc€ of LTTC and siLica adsorbenls. It
would be informalive to correlate protein molecu-
lar structurc to their solution and adsorytion prop-
erties [26]. This rcquires a close examination of
prot€in structures, such as amino acid scquellcs,
secondary and tertiar] structures, domain slruc-
ture, charge distribution, etc. Computer graphics
can bc \ef i  helDlul  140. i  in !hi '  regdrd.
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Corrigendum to "Protein adsorption on to low-temperature
lsotropic carbon

4. Competitive adsorption on carbon and silica by
two-dimensional electrophoresis"

[Co11oids and Surfaces B: Biointerfaces 4(1995) 313 325]1
L. Feng, J.D. Andrade*

Depobnent oJ Bioensipdihg ahl D.pottheht oJ \laierials Scj.h.:e ond Lngih.a.jry, 2480 L|EB. I|nire$i1.. d Lhah,
sdtt Lake cnr, uT84t t2, usA

Tlre authoff would like to make il clear ihat rhe developmcnr of rhe quantitarive 2 dimensional gel
electrophoresis tecbnique for the study of protejn adsorprion via a solute depletion approach was first
carred out, and the methodology developed, by C.-H. Ho, V. Htady, c. Nyqujst, J.D. Andrade and
K.D. Ca1dwell, J. Biomed. Mater. Res..28 (1991) 423. and discussed and described in detait in C._H. Ho.
M.S. Thesis. University ol Utah, 1990. Tbc work has becn further described, presented, and expanded in
the paper by Hlady €t al., Clin. Mdler..13 (1993) 85 91. and has sincc been describcd in orher publications

The way the references werc presented and cired in our paper may jrave misled rtc reader into rhinking
that this nclhodology and tec|nique was first developed and apptied by Feng and Andrade. Thar is indeed
not the case. We hope this note claritcs the situation.
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Abstrrct Based on ou res@rch on blood protein intemctions with low rempemturc isot.opic carbon (LTIC)
md data ftorn the liiemture, we Fopose that the carbon suface has strong htemctions with a&orbed prorerns.
In this paper we focus on how a relativ€ly blood comparible materiai intemcrs wirh piasna protei6. Wc p.csenr
ou result! on the structure and properties ofrhe LTIC surface utilizing SEM, STM, XpS, and contact angle
mes!rements. we briefly review protein adsorption on LTIC using DSc, impedace, radioisotopes, od two
dimensional gel elecbophoresis. LTIC is chamcle.ized ty a micropo.our, oxidize4 hydrophobic. and domain
mosaic shlcnre. Surface polishing smoorhms the roughness md rcmoves the porosiry. whilc largety desrroying
the ordered atomic texture, ma,king fie surface more randon and morc amorphous. The LTIC surface denatures
all adsorbed !rcteitr studied. The rate oflrorein adsorpiion is high md the surface concenlraiior is large. The
LTIC surtuce adsorbs all proteins withou. preference. The surface also re@ciolsly rerains protcins such thar they
cannot be displaced by buffer or excheged by proteins in solutior We conclude rhat LTIC accoftplisnes r$
blood conpatibility through a pasivating film of sirongly adsorbcd blmd proieins. which do not interaq wtro
platelets nor participate in blood coagulation. We also suggest mechanisms for the productor of such a film by
the LTIC surface.

Key words: Blood conpahbiliry; bioMterial; Iow tmperatule isotopic ca.boni surface sttuclurej p.orein

INTRODUCTION

Significance

Blood compatibility or hemocompatibility is an essential requirement of prosthetic blood-
contacting materials [1 3]. It has long been a chalienge to prcvent the surface of implants
ftom forming thrombus, emboli, or other surface implicated advcrse effects [2-6]. So far
no man-made bionaterial is even close to endothelium in its blood compatibility [7]. It is
genemlly agreed that the blood compatibility of a material is mainly deremined by its
suface propefiies [8], including chemical composition, morphology, microstructuml
heterogeneity, crystailinit),, hydrophobicity, hydrophilicity, surface energy, molecular
mobility, charge density, electric conductivity, and redox potential. Although many pieces
ofthe ligsaw puzzle' have been idertified, thanks to the work from past decades i9l, we
still lack a fundamental mechanismto putthese pieces together to achieve a more complete
understanding of blood compatibility. Therefore, we designed a series of expcrinents to
study the sudace of low tempcnture jsotropic carbon (LTIC, and its adsorytion propertics
towards two plasma proteins, albumin and librinogen, and several model protejns [10].
Some ofthe work has been published or is inpress [11 15]. This paper briefly summarizes

*To whom conespondence should be add.ess€d.



that extensive set ofstudies and integrates all the experiments, thus displaying a brcad view
on how and why LTIC behaves.

Rationale
There were seveml reasons for choosing LTIC: (1) It is one of the best long telm blood-
compatible implantable matedals in comparison to other p.osthetic biomatedals [16 19].
LTIC and its cousins, ultm-low temperature isofopic carbon (ULTIC) and glassy carbon
(GC), have been widely applied in medical devices, including artificial heart valves [1, i 6,
201, dental impiants [16, 17], orthopedic implants [16, 18], and vascuiar grafts [21,23]. (2)
LTIC represents a large family of carbons that generally show some degrees of bio-
compatibiiiry, including diarnondJike carbon [24,25], p].rol]'tic graphire [26] carbon
carbon composites [27,28] carbon fibers 129, 301, and evcn dianond [26], in addirion to
LTIC, ULTIC, and GC. So they must have something in common that grants them'biocompatibility'. (3) LTIC is an interesting material because itpossesses somepropefties
that are not genemlly considered relevant to a 'good' blood compatible material [6,31].
Table I sunrmaizes how LTIC disobeys some empirical 'general rules'. Strictly speaking,
these rules aae controversial and certainly cafflot be applicablc to every case. That is why
w€ think that studying this material may result in more insight into the nature of blood
compatibility.

It has been generally agreed that the fiIst major event when an impiant contacts blood
is adsorption of plasma protein [39 44]. The adsorbed protein layer then determines the
routes of subsequent processes (Fig. I ) [3 ]. Blood contacting sufaces indirectly exert their
eflects tfuough proteinaceous overlayers [38,45]. How plasma proteins adsorb on a
surface is a centml issue h addressing the prcblem ofthrombosis [31]. Table 2 documenis
major studies concemed with protein adsorption on carbon surfaces.

Working hypotheses
Carbon surfaces are thought to be conditioned by adsorbed proteins. The debate is focuseo
on how th€ proteinaceous film passivates the surlace. We consolidate the reiated hypoth-
eses into two major ones.

The weak interaction hypothesis, suggested by cott [19], Baier [47], and Nyilas
[52, 53], states that the carbon surfce is chemically inert and thus does not strongly interuct
with proteins. Microdomains of carbon may also provide a 'balanced' force to accom-
modate proteins [51, 59, 60]. The adsorbed proteins presewe their native conformations at
the blood solid interface and the adsorption process should be revcrsible: adsorbed
protcins are exchangeable [61, 62].

L. Feng aad J. D. An.lrade

Table 1.
LTIC does not fit the conventional wisdom ibr blood conpatable malerials.

A blood conpatible matcrill
LTIC is :

Hl,drophilic Ili 331
soft (hw modulus) []1. 32. 341
Lorv sudacc cncrgy []2. 35, 361
Nonconductivc 137, l8l
Negarive r€sting porcntial vs NHE ll7, 381

Hard (hish modulus)
Relatively high surfacc crcrgy

Positivc .€sting potenlial vs NHE
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A oood blood compatible material should have

No adverse
effects on blood

Suiiable surface
properties

Good bulk
properties

Figure l. Mediatiq tunction ofadsorbed plasma protcis and thc impofiot role ofprolein adsoQtio. in bl{$d
compatibiliry of a biomaterial.

The strong interaction hlpothesis, proposed by Sevastianov [43], Kaelble [51], Shama
[58], and others 116, 63], suggests that the LTIC suface is coated with a thick film ofbland
plasma proteins. The proteins are held so tenaciously that they cannot be easily removcd.
The suface becomes blood compatible through modification by this 'biand' protcinaccous
film, most likely albumin [64]. According to this h]?othesis, the conformation ofthe rmer
layer of adsorbed proteins should be changed to achievc a strong protein surface inter-
action. Thjs adsorplion prccess should be irreversible; proteins are not exchangcable.

Techniques

LTIC was first evaluated by four surface analytical instruments: scanning electron
microscopy (SEM) for surface morphology, X-ray photoelectron spectroscopy (XPS) lor
surface compositions, contact angle goniometry for surface hydrophobicity, and scanning
tunncling microscopy (STM) for microdomains and atomic str-uctLrre. Four major erperi-
mental methods, along with others, were then employed to study the adsorption process
and tlle state of adsorbed proteins lron1 different aspects. Figxrc 2 dcpicts ihc charactcr
istics and functions of the four techniques: calorinetry, impedance, radioisotopes, and
electrophoresis.

P/oteins

Two proteins were selected fof the studyr human serum albumin and hunan plasma
fibrinogen. Albumin is the preponderant protein in blood, ils abundance oulweighin!! all
the rest ofplasma proteins [69]. Adsorplion oftbis Drotein has a profbund influcncc on thc
succccding events [40,63,70 74]. Fibrlnogen plays a cenfial rolc m hcrnostasis [65.71].
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Not only does it participate in the coagulation cascade [65], but it also promotes adhesion
of platelets and activates them when adsorbed onto certain solid surfaces 175-77j. "lhe
adsorption of some small prcteins was also studied to take the advantage of their simple
and well knos'n structues. Total human plasma was used when studying competitive
proteil adsorytion from multicompotrent solutions or when eluting adsorbed proteins with
plasma solutiors.

LTIC substrate

Three forms of LTIC substrates were utilized: plates, fiagments and powders, with nearly
identical bulk structures and compositions. LTIC has a quasi crystalline hntoshatic struc-
ture 116, 171. The crystalline structure is disorganized. Within a layer there are many
defects: voids, dislocated atoms, ard u$atumted bonds, which distort the plan€ness. There
is no order between the layem p8,79]. Table 3 sunmarizes some important surface
properties of LTIC from the literatue. Briefly, LTIC is hydrophobic; ir has a relatively
high surface etrergy; its dispersion to polar latio is largej it contains a large amount of
surface oxygen after being polished; and it has $eat tetrdency to accept elechons in
elecholyte solutions. Carbons are chemically stable.

Table 2.
Major prclein adsorption work on biomedical carbons

Baier, R. E.

Bokos, J. C-

Bruck, S. D.

ttulben, S. P.
Kaelble, D. H.

Nyilas. E.

Ricciteli, S. P-

Shama, C. P.

Critical surface tension of LTIC

Rest potential ot LTIC before and

Etrects of elecaic conductivity

Plasm proreh activiry
Eflects of snrface enerey

Micrccalorinelry and

SEM
Balance of polar and dispcBion

Etlecls of elechonic su.face
belore and after inplatation

' Suritc€ elergy calcllation

Elllpsomel.y on LTIC

It drops from 50 to 30 dyn cm-l

It drops ftom +400 nV to
360 mV. It suggests protein

Highd conductivity shows better
compatibility
Ions particitato in adsorption

They re not affecred by LTIC
High disposion ad low polar
natuo of LTIC favos €taining

Little adsorption heat of proteins on
LTIC heans liltle confomational

LTIC tenaciously binds p.otcins
Surface structure of LTIC may be
altefed mder wate. due to
intcrfacial reconstruction
Matching of electronic paranelels
of LTIC surlaces to that of proteins
resulls in good compatibilitl
LTIC adsorbs most plasma protcins

Adsorbed proteins fom 200 400 A
films

l47l

I l  Tl

l58l

l t E l

t48l

t49,501

tl6l
t5 i l

t52,531

t54l
t55l

[56.57]
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EX?f, RIMENTAI OBSERYATIONS

We caried out two sets ofexperiments: LTIC surface analysis add protein adsorption u0l.
In this section, we discuss our data from XPS and goniometry. The results ftom SEM and
STM and the corresponding discussion can be found elsewhere U0, l1l. We briefly
mention the major conclusions of the second set, as the adsorption rcsults have beet
published u4l or are in prcss [2, 13,15]. Refer to [10-15] for details of experiments,
results, and discussion.

Surface properties

LTIC is characterized by a micro porous, oxidized, hydrophobic, and domain mosaic
structule. Scarning electlon microscopy (SEM) shows that LTIC has a very porous

2D electrophoresis
Competitive adsorption lrom

a multicomponent system

...::?..|:E-

( t o

Radioisotooes
lsotherms, reversibility, multi-
layer & competitive adsorption

Calorimetrv
Adsorption states & ther-
modynamic parameters

AC impedance
Surlace coverage, kinetics,
isotherms & charge effects

lr--

fragmentsPowders
t l
Bg_&a
tiar,4i!tt6itiiallL!i!; tliittaiiG i,

Powders

Figure 2. Characle.istics and funclions oi four najor techniques aplied io prolein adsorllion
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Table 3.
Surface lropenies of LTIC

Refs.

Contact angles againsl water
Critical surface tension

Hydrophobiciry
Chdsc dcsit
Oxygcn contenr (O/C)

Oxygen conlaining groups

esteF o. carboxyl-like
Rest Gpontmcout polential

80 dog

Hydrophobic

2 3nOO
l0/100
i0/100

60r/,
250/a
I5%
+400 mV Polishcd t9,l6l

Dianond polishins [47]
Diahond polishins [47]
ULTIC tl8l
Powdes t78l
Powdes t78l
Unpolishedplates [81.82]
Polished llates t81, 821
Powde.s t80l
Pol ished [81,82]

surface, consisting ofmany 'sintered' granules- Their sizes are ftom 1 to 10lm with many
hollows among them [10]. STM fiuther unveils details of LTIC surfaces [11], which are
formed from patched quasi crystalline domalns (crystallites) with the sizes of 2 8 nm.
Since individual domains are oriented rundorriy, different domains contdbute different
surface propefties, giving LTIC heterogeneo.rs cha.acteristics. Uponpolishing, the suface
is converted to a much smoother one and the pores have disappeared, presumably filled
by the polished carbon debris. Polishing largely destroys the orde.ed atomic texture,
producing a more mndom, amorphous and homogeneous surface with smaller domain
sizes.

Table 4 lists the elemental composition of LTIC surfaces from the wide and narrow
scans ofXPS. The oxygen contents for the polished and the powder samples are similar
to the values measured by others [78,82,83]. The oxygen content for the as deposited
LTIC plates is about 12%, which is much higher than the 3% rcported in the literatue [82].
The powden have a slightly higher oxygen content than the fragments from which they
were made, probably because they have more edges or defects. Instnrmental sensitivity is
inadequate to detect the trace amounts of possibly remaining polishing particles, i.c. Al2Or.
These impurities, if they are present, should not severely affect our general conclusions
because most of the adsorption studies were carried out with unpolished fraSments or

Table 4.
Eiemental composilions of LTIC surhces

Ch€mical composition (9/, "
C O S i  N

0 3 mm alumina polished
Emdry paper polished

86.6
90.1
88.8
86 I
86.2

9.6
E.2
9 . 1

10.2
1 0 . 5

2.3
l 5
2 l
3 1
3.4

t . 5
0.0
0.0
0.0
0 0

t2

t2
l 3
l 5

_From the wide scans
6 From the narow scars
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Table 5.
Contact mgl€s of water otr LTIC

445

Polishing
Gec)

Standard dcviatio. Number of
(ded modurom€nts

0.3 pm alumim 58.6
1.04m diamond 7O.3
600 gdt emery paper 61-7

t .4
1.5
1.5

7
l 0
3

powde$ except for the impedance measurements (Fig. 2), whose results are consrstent
with those from the ndioisotope u3l studies.

Cotrtact angles on polished LTIC range from 60 (polished by aluimina or Emery paper)
to 70 deg (polished by diamond) (Table 5), showing a hydrophobic nature. These contact
atrgles are close to the ones in the literature, though a little lower. Contamination is not
considered to be a factor for the lower values, because in the Emery paper polishing, what
finally gound the carbon sudace was the pyroll4in carbon debris on top ofthe grinding
particles.

Denaturation of adsorbed proteins [] 2l
Surface induced denatumtion is a process of protein unfolding in the presence of the
surface, implying a strong inteBctiotr between them. Usually a hydrophobic surface tends
to denature adsorbed proteins due to hydrophobic intemctions [37,85-87]. From its
hydrophobic nature we expected that LTIC would denahue proteins. Our DSC study shows
that LTIC denatues all the proteins studied in a number of buffers of different
pH [12].

Adsorption tinetics and amounts [10, 13 15]
We utilized AC impedance to investigate protein adsorption on LTIC electrcdes, by
measuring the change in double layer capacitance. The parameter 'nomalized capacitance
change' (NCC) was used as a measure of adsorbed amounts. Adsorption kinetics was
analyzed by two tems: 4/2 and &0%, the times for NCC to reach halfand 80% ofthe plateau
value, respectively. The data in Table 6 shows rclatively high rates ofprotein adsorption
on LTIC from moderate solution conceltations compared with those on gold. Wlen
proteinconcentmtionisabove0.l0mgml', fvzisachievedwithin20s.Whentheconcen-
tmtionisabovel.0mgmlr,4/2foralbru[iniswit l1inl0sandrso%within2min.Albumin

Table 6.
,1, and lso; for softe adiorplion cases

conc. (ns nl r) 4D G)

LTIC
LTlC
LTiC
LTIC
Gold
LTIC
Gold
LTIC

l0 t_7
9  2 . 1

1 2 ! O  2 . 6 t 0 . 2
2 0  3 0
2 9 7
2 2 ! 3  2 . 0 ) . 0 . 3
t4 2.3
i 2 ! 5  z . a ! 0 . 6

3_0
1 . 0
0.50
0  r 0
0 5 0
0.05
0.05
0.50
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adsorbs on LTIC faster than on gold but the rate offibrinogen adsorption is similaron both
substrates- The kiletic sfudies show that the capacitance change at carbon_watcr interfaces
due to prctein adsorption is initially linear with the square root of adsorption time and then
lrnear with Lhe natural logadthm of adsorpLron l ime. This indicares ihat thc adsorption
process is initially diffusion controlled but later involves hete.ogeneous intemctions
between the surface and proteins. The AC impedance measuements irrther impty that the
elecfostatic intemction is not apparently signilicant In the interactions between the LllC
sudace and the proteins studied. There is a strong indication that the hydrophobic inrer_
action is the dominant force.

Both impedatrce and radioisotopeJabeling techniques produced similar protein adsorp_
tion isotherms [13,14]- Isotherms of albumin and fibrinogen on LTIC show that the surface
concentrations do not reach the plateaus untit high bulk concentrations are ussd and that
the surface concentmtions are high at the plateaus for both proteins, indicating that LTIC
has a st ong tendency to adsorb pioteins.

The high affinities of proteins for the LTIC surface can be further revealed bv som_
petitive adsorption from protein mixfures [14]. AdsorptLon of albumin and fibrinogen onro
LTIC from dilutedplasma solutions is only moderateLy suppressed despite thc co;petrtlon
ofother proteins. Competitive adsorption from an albumin/{ibrinogen binary syslem con-
lirms that there is no preferential adsorption of either albumin or fibrinogen on L.llC.

h,rewrsibility of aclsorytion []4l
Adsorbed proteins on LTIC can hardly be displaced either by buffer, by protein solution,
or even by 2% SDS sollu:ion. Ovemight displacement ofdesorbed albumin or fibrinogen
fiom LTIC in these eluents is seldom beyond 5o%. protein exchange expcriments also show
that even multilayer proteins arc not easily displaced. This work clearly demonstrates a
very imporiant attribute of the LTTC surface: it tenaciously and ineversibly adsorbs
proteins. ln fbct, no effective way has been found to completely elute adsorbcd proteins
from LTIC. This coincides with the general obscrvation that protein adsoDtion is irreversi-
ble on some hydrophobic sudaces [3,43.88]. suggestjng such strong aJsorptlon is vcry
likely emanating fiom the hydrophobic interaction.

DISCUSSION

A compasite process

We now hypothcsize what happens whcn LTIC is brought into contacr with blood? Thc
protein-surface inieraction is a compositc process composed of about four staqes: diffu_
sion, adsorption, denaturation, and modificatLon. A lthough they rakc pllce suc.essLrcly for
individual protein molecules, these four stages can overLap with one another lor the wholc
system. They are heated as isolated sequences only for the purpose of clanry. Although
a similar process has been proposed lor other materials, we utilizc it for the specific uase
of LTIC with discussion ofcarbon's particular characteristics.

Dillusion. When LTIC first conracts blood, plasrna proteins begin to collide wirn fte
solid surface. The coliision rate is predominately detemined by thc protein concentrahon
in blood (a) and to a lesscr exlent by thc diffusion coefficient (D). The collision rate ot
a partrcular protein at the inter.face (z) can be estimated by [32]:
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Table 7.
Proportioial palam€ters for th€ 'big twclve' llasma proieins'

447

Cotr@Dtration
Prot€in (ns nl t) (irnol)

DifrBion coef. CDD
1to 'cn 'zsty (amotcn s ' " )

lcc
LDL
TIDL

Haptostobitr
c3
IcA
lgM

40
8  1 7

3
2.7
2-3
2.3
2
2.0
t . 6
l 4
0.05 2

600
100

2
1 8
3.3'7.5

30
40
20
9

t 5
I

0469
0.063
0.001
0.012
0.0u
0.003
0.021
0.029
0.014
0.006
0.009
0.001

6.1
4.0
2.0

2
5.0
5.2
4.7
4.5

2.6

"Adapted fron [69]

" :  ( : ) "
. C . D , , ( 1 )

Table 7 shows the concenhations, diffusion coef8cients, and the proportional parameters,
CD"', of .the twelve most concentrated plasma prcteins (concettrations higher than
I mg Inl - r) [69]. Obviously proteins with rhe higheit abundance and the targesidiflusion
coeffrcients {.ill collide with the sudace in geatest numbers [89].

Adsorption. The protein molecules that hit the surface are promptly retained by rne
surface. LTIC does not discrimhate or select among the plasma proteins. Thus the
composition of adsorbed proteins is similar to that of Foteins that collide with the bare
surface. Amorg the initially adsorbed proteins, albumin is the most abundant one (about
70% ofthe total), plus a small proportion of IgG (Table 7), whereas fibrinoge[ contributes
no more than 4olo. The adsorption ofproteins ofthe contact activation system is very low
due to their low plasma concentratons. For instance, the concentmtion in human Diasma
is 30 4g m1 1 for Hageman lactor, 70 pg ml t for high rnolecular weight kininogen, and
5049ml ' for prekallil<rein [64]. These only rcpresent 0.04, 0.09, and 0.06% of total
plasma proteins, respectively.

Denaturation. The adsorbed proteins are mpidly denatured by the LTIC surface through
hydrophobic interactions. Globular plasma proteins are likely flattened on the surface,
resulting in a dense and relatively impervious protein film that completely covers thc LTIC
surface [43]. Little or no bare LTIC suface is exposed to blood after this adsorption
process. The prcteins that intimately aeside on the surface are tenaciously held_ The
association is so strong that ordinary means of elution cannot remove them. Thus the
protecting film is stable and resistant to being displaced.

Modirtcation. Since LTIC is actually covered. protected, and thus motli6ed by the bland
proteins (albumin and perhaps the albumin IgG complox [90]), this prctein covered
surface becomes blood compatible. The prcteinaceous film prevents the surface from
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contacting potentially active plasma proteins (e.g., Factor Xll) and platelets. The film does
not activate them nor does it bigger the coagulation cascade.

There are several ht?otheses on how albumin passivates solid surfaces: (a) albumin
inhibits surface contact initiation by blocking the sudace active sites [9], 92]; (b) albumin
complexes surface activated mate als, most likely plasma proteins [73,91]; and (c) the
inhibitory effect of albunin otr platelet adhesion is due to absence of binding residues
te3l.

Even though adsorbed albumin in some isolated areas will occasionally detach for some
reasons, the spots will be instantaneously replenished and patched by adsorption of circu-
lating albumin so that the entire protecting film remains intact.

Uniqueness of LTIC
The hlTothesis of surface conditioning by proteinaceous fitms is not new [94]. Using
albumin to make a surface more blood compatible has been proposed and practiced for
many years [40, 63, 74, 95]. ln fact all the surfaces that contact blood are condirioned by
plasma proteins. Wllat is unique for LIIC and perhaps oiher carbons is that they possess
the followi[g chamctedstics.

Very stable albuminated overkry. The protein protectjng film on LTIC consists ot
mostly bland proteins, which is the result of its nonseloctive adsorption al1d the absence
of displacement ofadsorbed proteins. This properly gives the surface a relatively pelma-
nent blood compatibility. Albumin should be the first protein to arrive at surfaces because
of its high concentation [96]. The question is if the surface can adsorb and retain the
colliding albumin strongly. Evetr though some materials have been albuminated upon
contacting blood, the albumin film may not completely cover the surface; the adsorbed
albumin can be gradually displaced by other surface active proteins, or the albumin layer
can be proteolltically de$aded [74]. These mechanisms may be realized when the surface
has a lower amnity to albunh (most surfaces do) than to other prcteins, decreasing the
effectiveness of the conditioning. In conclusion, the high a{nnity to all adsorbed proteins
including albumin may be the most valuable property for LTIC and pefiaps other
carbons.

High surface energy and dispersion force. Shong interactions of LTIC with proteins
may originate from its relatively high surface energy in addition to its hydrophobicity.
Usually, sudace free energy can be approximated by ihe critical surface tension (7.) for
a solid surface [36]. Contary to common hydrophobic polymers that have J," around
30 dym cm r, the y. ofLTIC is 50 dyn cm ' 

[47]. High surface energy can result in a high
tendency for adsorption. The hydrophobic interaction may be treated as a 'passive inter-
action' because its driving force is from thc surrounding water; not dircctiy from the
attraction ofthe solid suface [97]. On the other hand, high surface energy might provide
a 'positive' component! which can facilitate protein adhcsion. Consequently, LTIC may
have a greater irtrinsic capabilily of adsorbing and retaining plasma proteins than low
surface energy poly,rnels. High surface energy may also help adsoft more proteins. The
thicker proteinaceous film may provide stronger protection. Baier has pmposed a route to
achievc thromboresistance: using materials with high surface energy 135]. Surlaces ofhigh
energy may also tend to denature proteins 137]. However, high surlace energy alone may
not be sufncient to prevent adsorbed protein from desorption. The dominanl factor for the
ineversibility may still be the hydrophobic interaction.
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Modest hydrophobicity. Despite being hydrcphobic, LTIC surfaces contain a fadly
large amount of oxygen whereas corffnon hydrophobic pollmers only have hydrophobic
chains, such as polyethylene and Teflon. The presence of surface oxygen produces a less
hydrophobic sudace for LTIC than that of polyethylerc or Teflon. Optimwnly oxidized
surfaces may achrally be favored in ihe interactiot with proteins since proteins should not
be very hydrophobic because even their hydrophobic residues have polar groups alld they
are attached via polar peptide bonds. For example, proteins show maximum aflnity to
sudaces of intermediate polarity [85, 98]. For example, albumin bfuds more strongly to
silicone rubber whose hydrophilicity has been increased [95]. The resistance of adsorbed
albumin and IgG to elution by SDS increases with the oxygen content ofpolysoTene [99],
LTIC still has a heterogeneous surface after polishing but with smaller domaim, which can
have distinct hydrophobicity ifthe oxides cluster at the defect areas. The balance of the
polar and nonpolar components and the nano separation of hydrophobicity should
stetrgthen the protein surface intemction by providillg proper sites for different peptide
segirents. Hence, the surface heterogeneity of LTIC is also importalt. lts firnction is not
necessaily in prcserving the native confomation of adsorbed proteins but mther in
enhancing the adhesion between the surface and the adsorbed denatured proteins.

Low dynamic movemenr Almost all-organic pollnners have dynamic surfaces at room
temperatue. Their surface composition and structres are constantly changing to accom-
moilate vadations in the environment 001. Such a dynamic process may weaken the
association of the surface and the adsorbed protein. Sevastianov has indicated that high
chain mobility induces a considemble deqease of surface blood compatibility by provok-
ing formation of stuctured ion layen at the interface [43]. Chain motiotr in LTIC is
severely restricted by the two dimensional network. Subsequently, rigid LTIC acts as a
solid ground for proteins to anchor, fortifying their association with the surface.

me r x electron interactior. Molecules can associate with each other by forming z o
or z-z complexes, oftetr called charge-transfer or electon donor acceptor intemctions
[101]. Porath and Larsson observed that aromatic amino acids (trrptophan, t].rosine, and
phenylalaaine) shongly interacted with Sephadex gel coupled to arornatic groups
[101, 102]. Jennissen and Demirolou found that proteins had much shonger interactions
with alkyl agaroses when the alkyl chain contained a sulfur atom, which has non-bonding
lone electron pairs [103, 104]. They suggested that charge-transfer interactions play a
unique and important role in those cases. Composed of fused imperfect aromatic rings,
LTIC should be able to interact with aromatic amino acid residues ofadsorbed proteins via
such charge-tansfer inieractions. Different oxidation may produce different surface
regions with different interactions, the quillone-like group can be an e]ectron acceptor and
the phenol-like ore should behave as an electron donor [102]. The charge-tEnsfer inter-
action cannot only partially explain why LTIC tenaciously adsorbs proteins, it also pro-
duces a hlpothesis as to why LTIC shongly denatures proteins: strong interactions with
aromatic groups that are often buried inside the protein help produce protein unfolding
(denaturation). The hydrophobic ioteraction between LTIC and proteins may be partly due
to lhis charge-E-ansfer interaction I0l l .

Test resuhs oJ the hjpotheses
Results ftom the summarized research enable us to test the two hypotheses put forward in
the beginning ofthis paper. Almost every bit of infomation collected indicates thar there
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rs a very shong intemction between the LTIC surface and the adsorbed protein. Thus the
second hlpothesis (shong interaction) is considered more realistic and medts further
investigation.

Establishment of proteil passivation may also explain some of the apparently con_
troversial behavior of LTIC, tabulated in Table l: (1) the hydrophobic surface becomes
relatively hydrophilic because the adsorbed proteins orient their hydrophobic moieties
toyTd: th€ solid surface and the hydrophilic ones to the aqueous envirorunent; (2) the
original high surface energy is screened; (3) the process of transferring elechons can be
suppressed by blocking electon transfer pathways; and (4) the net charge ofLTIC can also
be masked by the proteinaceous layer.

ln summary, since LTIC is covered by plasma proteins, its surface proDerties are tie
result of this proteinaceous film. The fimction of the carbon substrat; is to dictate the
composition, stuctl[e, and stability of the prcteinaceous layer.
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